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INTRODUCTION
NASA's Office of Safety and Mission Quality sponsors the Metrology and Calibration
Working Group. The Working Group
• Provides Agencywide standardization of individual metrology programs, where
appropriate
• Promotes cooperation and exchange of information within NASA, with other
Government agencies, and with industry
• Serves as the primary Agency interface with the National Institute of Standards and
Technology
• Encourages formal quality control techniques such as Measurement Assurance
Programs
An annual workshop is the primary vehicle for achieving these goals. The sixteenth annual
workshop was cohosted by the National Institute of Standards and Technology in Rockville,
Maryland, April 20-22, 1993.
These proceedings contain unedited reports and presentations from the 1993 workshop and
are provided for information only. The use of trade names in this publication does not
constitute an endorsement, either expressed or implied, by the National Aeronautics and
Space Administration.
Troy J. Estes
Chairman, NASA Metrology and Calibration Working Group
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WORKSHOP AGENDA
AND
ATTENDEES LIST
j.
16TH ANNUAL NASA METROLOGY AND CALIBRATION WORKSHOP
AGENDA
(UPDATED)
MONDAY- APRIL 19
1:30
5:00
NIST Informal Technical Discussions (By prior arrangement)
Pre-conference Reception at the Potomac Inn (Polo Lounge)
8:O0
8:O5
8:20
8:35
8:50
TUESDAY - APRIL 20
Opening Announcements
Welcome to NIST
NASA Code QR Overview
Opening Remarks
Workshop Goals & Objectives
GUEST PRESENTATIONS
9:00 DOE Metrology Program
9:20 Process Measurement Assurance
Program
10:00 MORNING BREAK
S. Bednarczyk, JPL
Dr. N. Belecki, NIST
R. Kammer, NIST Director
C. Schnieder, NASA HQ
R. Burdine, NASA HQ
T. Estes, W/G Chair
Dr. R. Johnson, Sandia Lab
J. Everhart, EG&G Mound
Applied Technologies
NIST PAPER_;
10:15 Challenges to the NIST Electromagnetic
Measurements Program
10:45 Research into Measurement of Flow,
Temperature, Humidity & Transient Press.
11:15 New Developments at NIST in Vacuum,
Low Pressure and Leak Rate Standards
11:45 Challenges in Dimensional Metrology
at N IST
12:15 LUNCH BREAK
1:30
2:00
2:30
Optical & Infrared Radiation Measurements
Program at NIST
Ultraviolet Radiation Measurements at NIST
Cost Effective Calibration through Formal
Test Optimization Techniques
Dr. R. E.Hebner, NIST
Dr. G. J. Rosasco, NIST
Dr. C. Tilford, NIST
Dr. D. Swyt, NIST
Dr. A. C. Parr, NIST
Dr. R. P. Madden, NIST
T. Souders, NIST
3:00 AFTERNOON BREAK
16TH ANNUAL NASA METROLOGY AND CALIBRATION WORKSHOP
AGENDA
TUESDAY - APRIL 20 (Continued)
3:15 Mobile Calibration System for Electrical
Instrumentation.
D. Kuchta, LaRC/Wyle Labs
-,,,..J
WORKING GROUP PLENARY SESSION
3:30 Working Group Procedures
Election of Working Group Officers
1994 Workshop Site Selection
T. Estes, W/G Chair
4:35 MWG Budget Process discussion R. Burdine, NASA HQ
4:45 ADJOURN
8:00 NASA MWG REPRESENTATIVES
EXECUTIVE SESSION
(Hospitality Suite)
R. Burdine, NASA HQ
WEDNESDAY - APRIL 21
8:00 Announcements
TECHNICAL PRESENTATIONS
8:05 Center-line Adjustment Update
SPA(_E BASED METROLOGY
8:15 Space Based Metrology Committee Report
8:30 SSF Metrology - The WP01 Approach
9:00 SSF Metrology Locker
T. Estes/S. Bednarczyid
Dr. N. Belecki
K. Schaaf, WSTF/Lockheed
M. Hutchinson, SBMC Chair
R. Humphries, Jr., MSFC
R. Smith, JSC/Simco
9:20 MORNING BREAK
9:35
10:35
Systems Approach to SBM
Statistical Process Measurement Control
R. Martin, JPL
Dr. H. Castrup, ISG
12:10 LUNCH BREAK
Ut _T_E_O.U 
1:30 NIST Tour (See attached schedule for details)
4:30 Retum from Tour
6:00 Banquet @ Claudes- 9021 Gaither Rd, Gaithersburg ( Norm Belecki, NIST)
16TH ANNUAL NASA METROLOGY AND CALIBRATION WORKSHOP
AGENDA
THURSDAY - APRIL 22
8:0O Announcements
MAP Reports
8:05
8:15
8:25
8:35
8:45
8:55
Accelerometer MAP
Voltage MAP
Temperature MAP
Microwave MAP
Fiber-optic MAP
Resistance MAP
T. Estes/S. Bednarczyk
Dr. N. Belecki
M. Cerezo, JPL
K. Riley, KSC
T. Sappington, SSC/Sverdrup
T. Estes, WSTF
W. McPeters, JSC/Simco
M. Hutchinson, LaRC
RTOP REPORTS
9:05
9:20
9:35
9:50
10:05
Low Pressure Transfer Standard
Leak Artifact Calibration
MORNING BREAK
Metrology Publication Report
MAP Publication
RTOP PROPOSALS
10:20
10:35
10:50
11:05
11:20
11:35
11:50
Transient Pressure Standard
Volt MAP Upgrade/Port. Josephson
Junction Voltage Reference
Acceleration MAP Expansion
Capacitance MAP
Flight Voltage Reference
MASS Map
Josephson Junction
12:05 LUNCH BREAK
1:25
2:40
Working Group Plenary Session
Research Program Discussion
AFTERNOON BREAK
2:55
4:10
Space.Based Metrology Issues
ADJOURNMENT OF WORKSHOP
7:00 Space Based Metrology Committee Meeting
A. Miiller, NIST
A. Miller, KSC/EG&G
R. Martin, JPL
J. Riley, KSC
T. Estes, WSTF
K. Riley, KSC
M. Cerezo, JPL
W. McPeters JSC/Simco
S. Bednarczyk, JPL
J. Riley, KSC
W. McPeters JSC/Simco
T. Estes,W/G Chair
M. Hutchinson, SBMC Chair
(Hospitality Suite)

16TH ANNUAL METROLOGY AND CALIBRATION WORKSHOP
APRIL 20-22, 1993
A'I'TENDEE LIST
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JSC-Simco Electronics
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Technical Services
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Laboratory-Testing Strategies
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Precision Engineering Division-
Manufacturing Engineering(
Thomas, Louis
GSFC
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Technical Operations
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WORKSHOP
OBJECTIVES

WORKSHOP OBJECTIVES
The objectives of the workshop were to
• Exchange the latest metrology advances and techniques
• Develop an approach for supporting space-based metrology
• Finalize the Working Group operating procedures
• Establish a comprehensive, integrated research program
To meet these objectives, the Workshop agenda
included
Technical presentations by invited guests and metrology
contractors
Reports and discussions on space-based metrology
Plenary sessions for discussing Working Group
infrastructure
Status reports on current research, proposals for new
research, and integration of all research into a phased
research program
Center reports were not presented but are included in the
proceedings.
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INVITED SPEAKER
PRESENTATIONS
k "
DOE METROLOGY PROGRAM
PRESENTATION
NASA Metrology and Calibration Workshop
April 20, 1993
Ralph T. Johnson
Sandia National Laboratories
Sandia National Laboratode$ RTJg3040I ,m
4hAD
OUTLINE
DOE Weapon System Metrology Program
- Reconfiguration
-General Operations Program
-Commercial Calibration Laboratories
Primary Standards Laboratory
- New Building
- Development
- Accreditation
- Programs
- Documentation
(_ Sandia National Laboratories RI"JB3040t _114/1413
SANDIA'S PRIMARY STANDARDS LABORATORY WORKS WITH
A NETWORK OF INTEGRATED CONTRACTORS
PtQG?O|O,i 1
GENERAL OPERATIONS PROGRAM
• Combines
-Environmental, Safety and Health
- Security
- Facilities
Goal
-Single Coordinated Program
New Metrology Initiatives
- Chemical Standards
- Ionizing Radiation
_ Sandia National Laboratories RT.mo_.m4n_3
TECHNICAL SURVEYS & MEASUREMENT
AUDITS
Primary Standards
Laboratory
Contractor Standards
Laboratories
Commercial Calibration
Laboratories
[_ Sandia National Laboratories _TJS_014m4/14o
COMMERCIAL CALIBRATION LABORATORIES
Developing Survey and Audit Program
- Criteria
- Process
- Reporting
- Coordination
(_ Sandia National Laboratories RT_aO4O_m4ttRl_
A New Primary Standards Laboratory is on the Way
State of
the Art
Vibration
Isolation
Humidity
Control
Shielded from
Electromagnetic
RadlaUon
Uninlerruptable
Electrical
Power
Ultrastable
Temperature Control
PliliJ7 DQO.S ?,
DEVELOPMENT ACTIVITIES
PRIMARY STANDARDS LABORATORIES
• Josephson Volt
• Millimeter Wave Standards
• Waveform Digitizer Calibration
• Gas-Leak Compare System
• Vacuum Standard
I_) SandlaNationalLaboratories l_fJg_0401_ll
SANDIA - NIST AGREEMENT
• Join Forces to Help U.S. Industry
• Combines Technical Resources
Builds on Existing Programs at the Two Laboratories
- Microelectronics
- Advanced Manufacturing
- Materials
- Standards
(_ Sandia National Laboratories Rt_m0401m4/1/B3
National Calibration Laboratory Accreditation
Primary Standards Laboratory Role
Current Activities in Partnership with National Institute of
Standards and Technology (NIST)
- Establishing Laboratory Accreditation Criteria
- Developing Survey/Audit Process
- Serving as Prototype Laboratory for Accreditation
• Short-Term Goal
- To Become Accreditated
• Long--erm Goal
- Full Partnership with NIST in Implementing the Program
RTJO3032t +_
3/15/t3
OPERATIONS AND PROCEDURES PROGRAMS
Measurement Standards Operations
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Principal Source for Requirements
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DOCUMENTATION
• Business (Quality) Plan
• Operations and Procedures Manuals
RTJg30319.vut_
3/=s/s3
Business (Quality) Plan
Organized Following Major Categories of the
Malcolm Baldridge National Quality Award
• Leadership
• Management Information and Analysis
• Strategic Quality Planning
• Human Resource Development and Management
• Management of Process Quality
• Quality and Operational Results
• Customer Focus and Satisfaction
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OPERATIONS AND PROCEDURES MANUALS
Smedl|
N|t_Onlll
_--.=J Laboratortel
1. Overview
2. ES&H
2.1 - Preliminary Hazard Assessment
2.2 - Standard Operating Procedures
2.3 . ES&H Program
3. Quality
4. Security
5. Standards and Calibration
5.1 - Calibration Guidelines
5.2 - Calibration Procedures
5.3 - Computer Operations
5.4 - PSLM (Primary Standards Lab Memoranda)
5.5 - Semiannual Report
5.6 - Technical Capabilities
5.7. Development and Special Measurement Projects
5.8 - Surveys and Audits
5.9 - Recall, Shipping and Receiving
6. Training and Certification
7. Strategic Planning
8. Customers and Suppliers
9. Administration
10. Metrics
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CONSOLIDATION OF METROLOGY ACTIVITIES
Sandia National Laboratories
- Primary Standards Laboratory
-Sandia Calibration & Instrument Service
• Separate Functions
• Common Management
Improves
-Coordination of Activities
- Customer Service
{_ Sandia National Laboratories
ItTJ_0401
SUMMARY
FUTURE EMPHASIS AND ISSUES
• Support for Chemical Standards
• National Standards & Accreditation Program
• New Primary Standards Building
• Service to Customers
_ Samclia NaUonal Laboratories nT.mO_.m4/ldi_
PROCESS MEASUREMENT ASSURANCE PROGRAM
Jerry L. Everhart
EG&G Mound Applied Technologies, Inc.*
Miamisburg, Ohio 45343
ABSTRACT
A high degree of competitiveness in the national and international
manufacturing markets has created a demand for process controls that
build quality into products, rather than relying on inspection to sort
out costly rejects. Advanced metrology concepts in the calibration of
inspection and test equipment will provide a means to determine and
control measurement errors in manufacturing processes.
This paper describes a production Process Measurement Assurance
Program (PMAP) that determines and controls measurement errors as the
product is manufactured. The results of this program coupled with
production Statistical Process Control (SPC) determine the product
values with a known certainty. When the measurement error is
determined along with the product variation, the product error is
known and further inspection activities are greatly minimized or
eliminated.
NEED FOR PROCESS MEASUREMENT ASSURANCE PROGRAM (PMAP)
Competition for markets has caused manufacturers to question their
reliance on inspections and re-inspections as a means of achieving
quality in the products they build _. Increasingly, manufacturers
want to produce quality in the products as they are manufactured,
rather than relying on inspections to eliminate lesser quality
products. Manufacturers have used Statistical Process Control (SPC)
to determine and control the variations in products during the
manufacturing process. This allows for continued improvement of
processes and products. However, the SPC of products alone does not
ensure that the measurement of the product is correct. In fact,
measurements taken on products have hidden errors. These measurement
errors are instrument errors (including standards or master errors),
operator errors, and environmental influences on measurements (Figure
I).
*EG&G Mound Applied Technologies is operated for the U. S. Department
of Energy under Contract No. DE-AC04-88DP43495.
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Figure 1. Measurement errors, to some degree, are in product values.
Often these measurement errors are not defined or measured, resulting in
false accounts of product variability, and influencing final products.
Many of these measurement errors can produce a bias or systematic error in
product measurements. Rather than identifying and controlling these errors,
the manufacturer often adjusts processes to meet design specifications.
This can ultimately result in product deviations from desIEn specifications.
Because these errors cause unknown varlatlons, confidence in values is lost,
creating the need for re-lnspectlons of products.
Typically, the product is inspected by the manufacturing personnel, then
re-lnspected by the quality department. The quality department usually
checks the product with a different measuring instrument, different person,
and in a different area. Many times a quality audit is performed after
final inspection. These repetitive inspections result from lack of
knowledge and confidence in the initial measurement. In view of this, it is
of major importance that these measurement errors (instrument, operator, and
environment) are evaluated, recognized, and controlled as the products are
produced. This concept of parallel control of products, and control of the
measurement systems (through PMAP) provides total and continuous control of
the final product, and results in higher product quality at lower cost.
TRADITIONAL CALIBRATIONS
Measurement error in a traditional production measurement system is
rectified only in a limited way by the calibration laboratory as follows:
The gage or measurement instrument and its associated working standards are
periodically returned to the standards and callbratlon laboratory for
recertlflcatlon. Certifications are often performed in a controlled environ-
ment, at approximately 20"C, using calibration procedures and specifications
that are written by the instrument's manufacturer for specific conditions.
After calibration, the instrument is returned to the production floor and
used to check product under conditions that may differ considerably from the
calibration laboratory. Operators, who may not be as well trained as those
in the calibration laboratory, set up and use the instrument. Under this
scenario, other measurement errors are being introduced.
Another possible source of measurement error has been introduced with the
use of computers and their software for operating measurement equipment and
for determing results. Generally, Software Quality Assurance Programs (SQA)
are in place to assure software quality; however, these programs only vall-
date that no changes have occurred in the software code.
These conventional approaches to calibration of measurement systems are in
an appraisal mode of operation, not a preventive mode. This approach may be
inadequate in a high technology production environment where measurements
are made by state of the art equipment.
Furthermore, it is important to address what happens when an instrument
becomes defective or drifts out of its predetermined uncertainties during
its calibration period. The products measured prior to the instrument's
recallbratlon are potentially out of specification. Some investigation of
both past product measurement and related errors that influence product
quality are required. If the actual process measurement error is to be
determined, all calibration errors and uncertainties must be calculated,
including the operator and environmental influences. These errors are
usually difficult to determine, and pinpointing the actual time of measure-
ment system failurels often impossible. It is no longer acceptable to rely
on post production inspection of product to segregate costly defects caused
by the measurement system errors.
PMAP AS A CONTINUOUS CALIBRATION METHOD
A Process Measurement Assurance Program (PMAP) is a contlnual callbratlon
concept for measuring equipment. This alternative approach to calibration
eliminates the need of issuing discrepancy reports on measurement equipment.
In addition, this approach eliminates the investigation of product that is
potentially out of specification because the measurement system's perfor-
mance has changed between calibration periods. One objective of PMAP is to
determine, monitor, contlnually control, and improve the measurement capa-
billty of the measuring system in its operating environment. Initially, the
measurement system's capability is established by standards laboratory
personnel in the production environment after proper calibration adjustments
have been made on the equipment. This determination provides the expected
baseline performance level for the measurement system. Using this baseline,
PMAP determines the production operator's influence on measurement error.
This is a powerful tool which can be used to measure training needs for
individual operators. Both the systematic error and random errors of the
total measurement system are established, monitored, and controlled by PMAP
while the product is manufactured. Control of the measurement system as it
is being used provides control of the error in the product values resulting
from the measurement system. By comparing measurement performance to
pre-establlshed statistical limits, manufacturers can detect shifts in
calibration of the measurement system prior to a manufacturing step.
As errors in the product measurements are established and statistically
examined, the error in the product values can be established with a deter-
mined uncertainty. This PMAP calibration method provides confidence in the
total measurement system and product values, thus allowing quality to be
built into the product and eliminating or greatly reducing the need to
re-inspect the product. This concept of calibration bridges the gap between
the standards laboratory and the production operations.
It is important to realize that SPC methods determine only product varia-
tion, but do not determine the errors in product values. PMAP is used to
determine both systematic and random errors in the values assigned to the
product by the measurement system, and to maintain the calibration status
of the measurement system on a continual basis.
CONCEPT OF OPERATION
The concept of Process Measurement Assurance Program (PMAP) is based on the
use of a control standard, referred to by the National Bureau of Standards
as a check standard _, to statistically examine the capability of the
measurement system. The control standard is chosen or manufactured to
represent the product, or a specific feature of the product, for the deter-
mlnatlon of the systematic error and random variations of the measurement
system. Considerations are given to the stability of the control standard
value, and the amount of uncertainty of the control standard's calibrated
value. Ideally the plus or minus uncertainty of the control standard's
certified value should be equal to or less than the measurement system's
readability. Measurement errors are determined by making measurements on
the control standard with the measurement system, using the same procedures
that are used when measuring the product. Initial measurements are made by
standards laboratory personnel to establish confidence limits (reference
limits) that can be used as a baseline to assure that the calibration is
maintained. Establishing these limits often leads to immediate improvement
of the measurement process.
The standards laboratory (or quality department) personnel will periodically
make control measurements with the control standard using the same procedure
that is used to measure the product. The frequency of these control measure-
ments is based on the measurement system's stabillty, which also affects
calibration periods in the traditional calibration method. If the tradl-
tlonal calibration period, for example would be 12 months, then enough
standard reference measurements would be required to re-establlsh the
standard reference limits for the next calibration period. It should be
noted that actual physical recallbration or adjustments may not be required
using PMAP. If 20 data points are sufficient to re-establish the reference
limits over the 52 weeks (12 months), then standard control measurements
should be performed at least once every two weeks in order to predict cali-
bration limits for the next calibration period.
After initial reference limits are established, and the measurement interval
for the standards laboratory personnel is determined, the control standard
is measured by production personnel using the same procedures and operator
that will be used to measure the product. This control measurement is made
and recorded prior to manufacturing and measuring the product, for example
at the beginning of the workday. The total measurement system is used for
the control measurement; this may include a computer and its software. The
measurement is checked against the pre-established confidence limits (refer-
ence limits) to assure that the system is still in calibration prior to
measuring the product. A control measurement of the standard is repeated at
the end of a production period (for example half of a workday) or anytime
the product variations indicate a possible measurement problem. This mea-
surement closes the loop on the measurement system's performance before the
product leaves that stage of manufacturing.
The PMAP control measurements are recorded and stored according to the date
and time of each measurement. Statistical determination of the upper and
lower production control limits (confidence limits) is used to determine the
error in the assigned values of the product for that specific production
time period. Although PMAP measurements and calculations can be hand
charted and calculated, computer assistance can achieve a considerable time
and cost savings. When a SPC device or computer program is used to evaluate
the product, it may also be capable of determining PMAP results. This PMAP
concept of continual calibration, in addition to preventing re-inspection of
the product, allows for extending or often eliminating routine calibration
periods. PMAP cracks and assures the calibration of the measuring instru-
ment, master (span adjustment) standards, check standards (used to minimize
error linearity), and the control standard. Changes in measurement perfor-
mance because of equipment, standards, or environmental influence on the
measurement system are reflected by a change in the control measurement
results, as are operator influences on the measurement process. Additional-
ly, error limits in product values are determined from PMAP calculations;
thus product is made and inspected by production personnel with a known
uncertainty/ in the product vaIues. This additional confidence in product
value allows the product to be moved to its next stage of manufacturing
without time consuming, expensive re-inspection.
PMAP CONTROL CHARTING
PMAP control charts, unlike typical SPC control charts, are designed to
determine more than the random variations of a measurement system. PMAP
determines the systematic error as well as the random error. The utiliza-
tion of the control standard in the PMAP control chart becomes the reference
by which the systematic and random errors are established.
Systematic Error
Systematic error of a measurement system can be caused by nonlinearity in
measurement equipment, or errors in associated standards. This systematic
error produces a bias in measurement results which can be determined using a
control standard in the measurement system. PMAP determines this systematic
error of a measurement system by_subtractlng the certifiedvalue of the
control standard from the mean (x) of the control measurements. Because
traditional measurement processes ignore this systematic error, product
re-inspections are common. In many cases the variability of the product may
be acceptable and in control, but the product values may be out of product
specifications because of the systematic error of the measurement system
(Figure 2).
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FIGURE 2. The systematic error of a measurement system Is revealed
by PMAP control chart.
Systematic error of the measurement system is defined as follows:
Systematic error - Zxl/n - CS
- - cs
_There x - Mean of PMAP control standard measurements
x t - PMAP control standard measurements
n - Number of PMAP control standard measurements
CS - PMAP control standard certified value
(1)
Random Variabllitv
Random variability of a measurement system is the inability of the measurement
system to repeat the same measurement results. The random variability of a
measurement system can result from any or all of the previous sources of
error, with the exception of a nonlinearity error, which always results in a
systematic error. The random variability of a measurement system is deter-
mined by analyzing the PNAP control standard measurements to establish the
variability around the mean (x) of the measurements. The variability is
described by the conventional three standard deviation method where 99.7% of
the measurements are expected to fall wiuhln the three sigma probability. A
change in the measurement system's ability to repeat a measurement within
limits is reflected each time the standard deviation is recalculated at
recallbratlon intervals. PMAP continually checks for any significant change
in the production measurement system's ability to repeat a measurement by
immediately plotting each control standard measurement against the pre-
established 3s reference confidence limits before the product is manufactured
(Figure 3).
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FIGURE 3. The random variation of a measurement system Is revealed
by PMAP control chart. The system's performance Is
continually evaluated by plotting each control measurement
before manufacturing the product.
Measurement variability or 3 sigma limits are defined as follows:
- (/Z(xi- )2/n-i )Upper PMAP (+3s) limit - x + 3 x
)Lower PMAP (-3s) limit- x- 3 x i
(2)
(3)
Where x - Zxl/n
x i - PMAP control standard measurements
n - Number of PMAP control standard measurements
PMAP RESULTS
Measurement System Error
PMAP defines the total measurement system error as the result of all
systematic and random influences on the measurement system's ability to
determine the control standard's certified value. The error is determined
by subtracting the certified value of the control standard along with its
affiliated uncertainty from the upper and from the lower 3s reference
limits. This error is calculated from the control measurements made by
Standards Laboratory or quality personnel.
Measurement system error limits are defined as follow:
Positive Margin of Error - U3s CS + Un (4)
Negative Margin of Error - L3s CS - Un (5)
Where : U3s - Upper 3s reference limits
L3s - Lower 3s reference limits
CS - PMAP control standard certified value
Un - Control standard uncertainty
(The control standard's uncertainty is applied to the error determination so
that the total measurement error can be established.) These error determi-
nations are based on the control standard measurements made by standards
laboratory or quality personnel and determine the measurement system's
calibration status. At recalibration intervals, the systematic error and
random variability are re-calculated to determine new 3s reference limits
until the next calibration interval. The T test is used to determine if the
systematic error is within expected range of the previous error. The F _e_t
is used to determine if the random variability has significantly changed _,_.
T test and F test are defined as follows:
bias new - bias 91¢T test -
standard dev old (6)
F test - (standard dev n_w) 2
(standard dev old) 2
(7)
If these tests reveal significant changes in the measurement systems per-
formance, re-adjustment or recalibration may be required. If both tests are
in control, then these reference limits are used for the next calibration
interval (Figure 4).
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FIGURE 4. The totQI measurement system error Is o result of oil
eyeternotlc and random Influences oe It Is reveQlecl by
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Error in Product Values
-__2he confidence in product values comes from establishing the error in the
product values. This confidence is expressed as possible error or uncer-
tainty that may be present in each product value. This product uncertainty
is established by analyzing the production personnel's PMAP measurements of
the control standard. The production control standard measurements are
analyzed over the specific time period which was required to manufacture and
measure the product. The PMAP control standard is subtracted from the upper
and the lower production control 3s limits to determine product error
limits. The certified uncertainty of the control standard is applied to the
error limits to establish the possible error or possible uncertainty in the
product values for that specific lot of product. Refer to equations 8 and
9.
Product error limits are defined as follow:
Upper Product Error Limit = U3s - CS + Un (8)
Lower Product Error Limit = L3s - CS - Un (9)
Where: U3s = Upper PMAP production 3s limits
L3s = Lower PMAP production 3s limits
CS = PMAP control standard certified value
Un = Control standard uncertainty
Uncertainty in Product Values
The upper and lower product error limits (equations 8 and 9) are a valuable
tool that allow production personnel to adjust the process specification
limits to guarantee that product is within design specifications. The
product specification limits can be shifted by subtracting the lower error
limit (9) from the upper product design specification and by adding the
upper error limit (8) to the lower product design specification. The
results of these new process specification limits compensate for total
measurement error and guarantee acceptable product without re-inspection.
SUMMARY
The Process Measurement Assurance Program (PMAP) is a method of continual
calibration that puts quality process controls in the calibration of mea-
surement systems. The application of PMAP is important to the production
environment, but it should be noted that these concepts apply to any process
where the results are determined by a measurement system. PMAP provides a
system calibration that evaluates the performance of the total measurement
system in the manner in which it is used. The benefits of this calibration
method are preventive, not appraisal. Any out of control situations due to
equipment, environment, personnel, or standards are detected immediately.
These detections reduce production rejects.
It is also important to realize that the implementation of a PHAP requires a
thorough knowledge of the specific measuring equipment and the direction of
a metrologlst who can select control standards and procedures that meet the
requirement described in this report.
The results of PMAP implementation provide for the manufacturing of a
product with values of a known certainty without repeated inspection.
statistical approach to calibration provides continual calibration and
continued improvements to measurement processes.
This
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Radiation
Convection
Conduction
g gas
Pt-lo_ ~ 2/Jm
zirconia ~ 2 mm
iron-based alloy
engine plug ~2cm
I. DC Resoonse
-transparent film, thin ceramic
-"watt meter"
(< 1 Hz)
2. Stet) Inout Freouencv Response (seconds)
3. w Fr ons
-semi-infinite ceramic
(0.1 - 1000 Hz)
4. Hiah Frequency Response
-tllin film
-"joule meter"
5. Fre nc R
(1 - 100 kHz)
(microseconds)
6. R ns
-semi-infinite film
(> 100 kHz)

FLOW
Dr. George E. Mattingly
(301) 9 75 5939 (G'burg)
Ms. Patricia J. Giarratano
(303) 49 7 3110 (Boulder)
Flow Calibration Services
• Liquids, gases, cryogenic fluids (Boulder)
Round Robin Tests
• Mass flow controllers
• Turbine meters
Installation effects research
Special meter developments
Cryocooler systems for space applications
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1
INTRODUCTION
The Radiometric Physics Division (844) is the primary unit within NIST for
carrying out the basic mission of promoting accurate and useful optical radiation
measurements in the ultraviolet(uv),visible,and infrared (ir)spectral regions.
The Division'sactivities eek to achieve three primary goals:
• To develop, improve, and maintain the national standards
and measurement techniques for radiation thermometry,
spectroradiometry, photometry, and spectrophotometry,
• To disseminate these standards by providing measurement
services to customers requiring calibrations of the highest
accuracy,
• To conduct fundamental and applied research to develop the
scientificand technical basis for future measurement services.
The Division employs research scientists, engineers, technicians, and calibration
specialists, and maintains a balanced mix of research, development, and
measurement services. It is organized into four operational groups,
• Infrared Radiometry
• Detector Metrology
• Thermal Radiometry
• Spectrophotometry
and operates under a project structure with collaborations across group lines.
The calibrations and related measurement services provided by the Division has
been documented in a NIST Special Publication, SP-250, the NIST Calibration
Services Guide which was published in 1989. This publication is described at the
end of this brochure.
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{_OLLABORATIONS
In pursuing its goals, the Division is actively engaged in collaborative
effortswith industry, other government agencies, universities,profession-
al societies,and standards organizations. Its programs are developed in
consultation with user groups at national and international levels.
CORM
The U. S. Council for Optical Radiation Measurements (CORM) is a
paramount organization which aims at establishing a consensus among
interested parties on industrial and academic requirements for physical
standards, calibration services,and interlaboratory collaborations in the
fieldof optical radiometry. In a 1989 report entitled "Pressing Problems
and Projected National Needs in Optical Radiation Measurements,"
CORM has stated that the following radiometric and spectrophotometric
projectsshould be undertaken on a prioritybasis:
• Improved Standards of Spectral Radiance and Irradiance
* Infrared Detector Standards
• Radiometry: Measurement Procedure and Technique
• Imaging Radiometry
• Long-Wave Infrared Radiometry
• Photometry: Improved Measurement Capability
• Pulsed Radiometry
• Laser-Beam Profile
• SRM's for:
0 Visible and Near-IR Reflectance Factor
0 IR Total Hemispherical Reflectance Factor
t Visible and Near-IR BRDF
D Visible High Transmission Density
B Whiteness
• Documentary Standards of Geometric Conditions in Color
Measurements
Some of these goals are being incorporated into the Division'splanning for
new program thrusts and initiatives.Other agency support for achieving
the objectivesis sought, and joint programs are created which benefit the
radiometric community.
-2-
LTEC
The Division participates in the activities of the Lamp Testing Engineers
Conference (LTEC). The membership of LTEC is drawn from the lighting
manufacturing industry and has as its goal the quality of testing and
standards for illuminating sources. The Division's activities in photome-
try and spectroradiometry support a wide range of industrial and govern-
mental measurement activities.
CIE, CCPR
The Division is an active participant in international groups such as the
International Commission on Illumination (CIE) and the Consultative
Committee on Photometry and Radiometry (CCPR). These groups promote
international intercomparison of fundamental measurements and seek
cooperation in devising measurement definition and technology. As an
example, the Division has been the lead laboratory in a CCPR-sponsored
intercomparison of spectral irradiance, which has involved 13 national
standardizing laboratories. These intercomparisons help ensure that the
standards furnished to U. S. customers are consistent with the demands of
world trade. The Division's staff maintain an active role in the committees
of both the CIE and CCPR and participate in the planning of future
intercomparisons and standards maintenance activities.
CCG
A significant portion of the Division's activities is devoted to standards
development and measurement support for other agencies. The Depart-
ment of Defense has funded the development of major measurement
facilities in the Division for low-background, infrared radiometry ,
thermal imaging, UV detector characterization, and bidirectional
scattering metrology. Collaborations with the Calibration Coordination
Group (CCG) of DoD continued during FY 1991 and will continue in FY
1992 with emphasis on the following tasks:
• Low-Background Infrared Standards
• Ultraviolet Radiometry
• Ambient-Background Infrared Detector Characterizations
• Photodetector Transfer Standards
• Bidirectional Reflectance of Optical Surfaces
• Long-Wavelength Infrared Spectrophotometry
• Thermal Imaging
Civilian Agencies
The Division has provided measurement support to NASA and NOAA for
space-borne radiometry, and is engaged in collaborations with EPA and
NASA on terrestrial and extraterrestrial UV solar-irradiance measure-
ments. It has also developed primary flammability standards for the FAA.
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STAFF AND ORGANIZATION
The Division presently employs 27 full time scientists and engineers and has
from 6 to 8 full time guest scientists participating in the ongoing research and
development activities of the Division. The Division is organized into three
groups, each managed by a group leader reporting directly to the Division Chief.
This organization is largely for administrative purposes with technical
activities being carried out under a project structure within the various groups.
The project structure allows for well defined technical activities to be
accomplished with clear lines of responsibility for the staff involved. The project
structure is flexible and can be adjusted to meet timely challenges in the
Division's technical activities. This project structure is the composition of the
projects detailed in the following section of this guide. The present organization
of the Division is shown below.
Radiometric Physics Division
Dr. Albert Parr, Chief
Infrared Radiometry
Dr. Raju Datla,
Group Leader
I Low Background InfraredIRadiation Facility |
I
I Cryogenic BlackbodyM asurements I
I
I Heteroclyne DensityMeasurements
!
IR Spectrometry
I
I
Thermal Radiometry
Mr. Robert Saunders,
Group Leader
Radiation Temperature
I
SourCeServicesCalibrationI
I
I Biological and Low Leve_Radiometry I
I
!UV-NIRSpectrometryI
Detector Metrology
Dr. Chris Cromer,
Group Leader
Cryogenic Radiometry I
I
J Photodetector ICalibration Services
I
I Detector Applications I
I
Bidirectional Scattering IDistribution F cility
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The project leader's name and phone number is given in the parenthesis. All
phone numbers at NIST have the same prefix: 301-975, for simplicity only the
last four digits of the phone numbers are listed.
Low Background Infrared Radiation (LBIR) Facility
(Raju Datla, 2131, and Steven L0rentz, 2311)
Commitments: Calibrate user-supplied blackbody sources and
develop capability to characterize low background IR detectors and
attenuators at the LBIR Facility. The LBIR employs its own ACR
(Absolute Cryogenic Radiometer) as itsprimary detector.A prism-grating
monochromator for LBIR spectral calibrationsis being fabricated. New
sources and detector characterization facilitiesare being designed and
implemented. An instrument which can be directlyused to calibrate focal
plane array and sensor test facilitiesis being designed. This instrument
will be calibrated at NIST and circulatedto test facilitiesthroughout the
nation to help maintain calibrationquality in the testing of IR sensors.
Facility: The LBIR Facility consists of a large (60 cm diameter by
152 cm long) vacuum chamber surrounded by a soft-wall cleanroom. A low
background environment inside the chamber is achieved by cooling
internal cryoshields to temperatures less than 20 K using a closed cycle
helium refrigerator system. Sources of up to 30 cm square can be inserted
into the chamber for calibration. A cross-section view of the ACR is
shown.
-5-
Cryogenic Blackbody Measurements
(Steve Ebner, 2350)
Commitments: A low temperature blackbody is being fabricated at
NIST for use in the LBIR Facility. The operating range of the source will
be 100 K to 450 K and it features variable apertures and filters. The
source will be used for detector calibration, optical materials
characterization and serve for evaluation of the Absolute Cryogenic
Radiometer in LBIR.
Facility: The blackbody will be housed in a vacuum shell of the
LBIR. A diagram of the LBIR Facility is shown.
..... . ,," . .. ; ".-"-: :'.- : .... :-
....
i
Heterodyne Density Measurements
(Alan MigdaU, 2331)
Commitments: The laser heterodyne densitometry technique has
been extended to the infrared. Measurements have been made at a
dynamic range of 12 decades at 10.6 microns at room temperature. A new
cryostat has been constructed to allow measurement of optical densities of
materials at cryogenic temperatures.
Facilities: A transmission densitometer based upon laser
heterodyne principals is used to measure transmission densities up to 12
at 633 nm and at 10.6 _m.
shown.
I LASERm
A diagram of the laser heterodyne set up is
il(_O'A}
UV-Visible.NlR Spectrophotometry
(Kenneth Eckerle, 2343)
Commitments: In the UV-visible-NIR spectral region, calibration of user-
supplied filters and reflectance standards is available; transmittance,
reflectance, and optical density standard reference materials are available, as
well as the methodology for intrinsic standards such as pressed powdered PTFE.
A measurement assurance program is offered which allows a laboratory to
compare their measurements with N1ST's, and thereby exhibit measurement
quality and accuracy.
Facilities: Reference instruments for maintenance of scales of transmittance,
reflectance, retro-reflectance, and optical density. Laboratory facilities for
manufacture of reflectance standards. Transfer instruments to perform spectral
transmittance, spectral reflectance, and wavelength measurements from 200 nm
to 2500 nm. A diagram of the diffuse reflectance reference spectrophotometer is
shown on the following page. A diagram of the UV-Visible transmittance
reference spectrophotometer is shown.
IR Spectrophotometry
(Leonard Hanssen, 2344, and K. Eckerle)
Commitments: Calibration of user-supplied samples of spectral specular
(regular) reflectance and transmittance in the IR will soon be available, as will
wavelength standards for IR spectrometry. IR specular (regular) transmittance
and reflectance, and diffuse reflectance standard reference materials are under
development.
Facilities: Apparatus for IR specular reflectance and regular transmittance for
the 2000 nm to 22 _m region. Instruments for IR spectral diffuse reflectance,
including a hemi-ellipsoidal collecting mirror and an integrating sphere are
under design.
-7- ORIGINAL PAC=EIS
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Bidirectional Scattering Distribution Function (BSDF)
(Clara Asmail, 2339)
Commitments: Methodology and equipment to measure the bidirectional
reflectance and transmittance of optical samples are under development. These
will be used to develop standard reference materials for use in calibrating BSDF
instruments; intercomparisons will be arranged to insure measurement
reliability among the various instruments used nationwide.
Facilities: A new instrument to measure the BSDF is being constructed in a
clean room.
L j
Reference V;
Transmittand6
Denslty
Instrument
I
Transmittance Reflectance
Instrument Instrument
High I
Accu racy I
User J
J TransferInstrum nt I ] TransferInstrum nt I
High
Accurac'
,Usor
I
Reference
Retrorefiectance |
Instrument I
IMAP I
I High J
Accu racy I
User I
I TransferInstrum nt I I VX ReflectanceDensity I
I
I SRal
Dissemination of Spectrophotometric Scales
-8-
._J
Radiation Temperature
(Carol Johnson, 2322)
Commitments: Perform calibrations on user-supplied blackbody
sources. Develop stable blackbody sources for other government labora-
tories. Develop the facility and methodology to characterize imaging
devices for radiometric purposes. Provide research and development in the
use of well characterized photodetectors to measure absolute temperatures
of blackbody sources. Use the accuracy inherent in the HACR to improve
radiation temperature measurements.
Facilities: Spectroradiometric freezing point laboratory used for
radiometric determination of the temperature of the liquid to solid phase
transition in metals. Thermal imaging laboratory devoted to developing
calibration techniques for imaging devices. Ambient background
blackbody calibration facility to operate in the temperature range of 0 to
3000 ° C. A drawing of the spectroradiometric temperature measurement
facility is shown.
SpectroradiometricTemperature Measurements
\-- \
=r-n_
_ _ It _._ ¥0-
Source Calibration Services
(Bob Saunders, 2355)
Commitments: Perform spectral radiometric measurement of irradi-
ance and radiance standards in the spectral region of 200 to 2500 nm.
Calibrate radiation temperature standards from 800 to 2500 ° C in the
spectral region 400 to 1500 nm and calibrate user-supplied pyrometers.
Perform and participate in international intercomparison to insure the
maintenance of the US spectral irradiance and radiance scales. Provide
consultation and assistance on instrument design and calibration to other
government agencies for use in spectral radiance and irradiance
measurements.
OF O_ QU_LtTY
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SPECTRAL RADIOMETRIC SCALE REALIZATION
HACR --t Radiation Temperature Scale _.._ ITS-90
I , I
L_e._ ! LS_e°_.'"a_i.nce1 [S, =_"n'_iance1
Facilities: Facility for Automated Spectral Radiometric Calibrations
(FASCAL) accomodates both spectral radiance and spectral irradiance
measurements. Diagrams of both setups for FASCAL and a. diagram of
the Optical Pyrometry Calibration Facility are shown.
Facility for Automated Spectmradiometdc CAUbrations
Spectral Radiance Measurements
Facility for Automated Spectroradiometric CALibrations
Spectral Irradiance Measurements
mm
PyrometryCalibrationFacility
Radiant Temperature Measurements
reST_ P_mmm mrrwW
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Biological and Low Level Radiometry
(Ambler Thompson, 2333)
Commitments: Provide standard reference luminescence samples
and develop chemiluminescence standard reference materials. Develop
low-level spectral radiance sources for calibrating sensitive detection
systems. Calibrate variable output integrating sphere sources.
Investigate beta-activated scintillation for the development of stable low
light sources leading to the fabrication of single photon sources.
Participate in the USDA program to arrange a network of UV-B
measurement stations throughout the continental US. Perform
terrestrial based solar UV measurements using a high accuracy
resolution UV spectroradiometer. Develop a new automated
beamconjoiner to measure detector linearity using DC measurement
applications in the range of 10 -14 to 10 -4 amperes.
Facilities: Spectral Fluorescence measuring apparatus for the
wavelength region 200 nm to 2000 nm. A spectroradiometer designed for
low level spectral radiometric measurements in the low level radiometer
lab is operational. Two automated radiometric linearity testers,
beamconjoiners, are in use to provide tests for division needs and services
for other organizations. The optical layout of the low level radiometry
instrumentation is shown.
q
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Cryogenic Radiometry
(Jonathan Hardis, 2373)
Commitments: Commission the High Accuracy Cryogenic
Radiometer (HACR), and employ it to improve the radiometric accuracy
throughout the Division. The HACR will form the basis for many of the
Division's calibration services. A diagram of the cryogenic absolute
radiometer is shown.
Cryogenic absolute radiometer
Facility: The Absolute Cryogenic Radiometer alternately measures
an intensity-stabilized laser light source and test detectors such as trap
configuration silicon detectors which are used as transfer standards. The
facility currently operates in the 200-1000 nm wavelengths and will be
operating from 200 nm out to 10 _ in the near future.
Photodetector Calibration Services
(Tom Larason, 2334)
Commitments: Characterizations of absolute spectral response,
spatial uniformity, and linearity of photodetectors for use in industrial and
government labs are performed. Using a variety of detectors for working
standards, the detector metrology calibration program has calibrated
detector package rentals, calibrated silicon detector pair sales and
provides special calibration on customer supplied detectors. The staff also
-- 12 --
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OF POOR QUALITY
work closely with detector manufacturers and others at NIST to develop
new measurement techniques and to formulate requirements for new
opticaldetectors. This development effortwill include the development of
new transfer standard detectors which can take advantage of the high
accuracy inherent in the absolute cryogenic radiometer.
Facilities: Detector characterization laboratory for measuring
wavelengths from 200 nanometers (nm) to 2000 nm and a new
measurement facility for characterizing long wavelength infrared
detectors is presently under development and construction. A drawing of
the two spectral comparators, which make up the detector
characterization lab, is shown.
Spectral ComDarators
Visible / Near IR:
Uet.T_t co= O0
I
UV:
0 o
Detector Applications
(Chris Cromer, 3216)
Commitments: Development of detector packages with 14-decades of
dynamic range, to provide increased reliability and sensitivity in a variety
of optical measurement areas. The staff of this project work closely with
the other detector project to provide the best measurement strategies
available and to ascertain the measurement needs of the Division and its
customers. This group maintains luminous intensity standards and
- 13 -
provides photometric calibration to government, industrial, and
university laboratories.
Facilities: The Photometric calibration laboratory, and the
Semiconductor device electronic characterization lab are used for Detector
Applications Projects.
The Detector Metrology projects are working closely with the other
projects to develop appropriate transfer standards with improved
accuracy where absolute detectors are a part of the measurement chain.
The chart below shows the planning of the integration of the improved
accuracy afforded by the HACR into the spectral regions covered by
radiometric services.
CalibrationChain
Absolute
Standard
Secondary
Standard
(Calibratedto
Radiometer)
CryogenicRadiometer(0.01%)
I t/--
100%QuantumEfficient
TrapDetector TrapDetector
usingn-pjunction usingp-njunction Thermopile
Photodiodes(0.05=/=) Photodiocles(0.05%) (1%)
Transfer_., n-pSi, _ _ Ge,
(Ouantum)-" GaP, GaAs v -., p-n Si ,r., inGaAs ,v
Transfer_,, Pyroelectrics,Therrnopiles,Bolometers
(Thermal)-" (Highsensitivity,spectrallyflat) v
Waveien l
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RESEARCH ACTMTIES
The Division maintains research and development activities in many areas of
radiometry, photometry, and spectrophotometry. These efforts are directed
toward improvements in measurement technology that benefits the nation's
scientific and technical communities. These activities often involve several
projects and require the cooperation of staff from various groups. A sample of
these activities are described below. For a more complete description of the
research activities, the annual technical report should be consulted.
Detectors
A program to implement the advantage of absolute cryogenic radiometers
into the measurement systems of the Division has been started. A
sensitive cryogenic radiometer was developed for the LBIR calibration
efforts and a high accuracy cryogenic radiometer is being developed to
serve as the measurement base in the Division. These radiometers are a
part of laboratory facilities which are equipped with associated
instruments to gainfully exploit the advantages offered. The Division has
a joint program with the Electromagnetic Technology Division to develop a
novel superconducting bolometer, which promises much greater
sensitivity than existing devices. There are programs to develop stable
reference detectors and to design amplifier circuits to obtain maximum
sensitivity from commercial detectors.
Radiation Temperature
Techniques utilizing accurate absolute detectors to measure the
temperature of blackbody sources have been developed. The temperature
of freezing-point sources such as gold and silver has been determined.
This information has contributed to the redefinition of the gold freezing-
point and the adoption of a new international temperature scale, ITS-90.
This work continues in an effort to improve the spectral radiance and
irradiance measurement scale.
Advanced Radiometry
Optical heterodyne techniques have been developed which allow the
measurement of the transmission density of materials over 12 orders of
magnitude. Applications to the study of reflection properties of materials
and of the optical properties of material at cryogenic temperatures are
being explored. The Division staff maintain an interest in areas of physics
other than radiometry in an effort to broaden the technical base for radi-
ometry and to ensure that opportunities for new ventures are recognized.
To this end, there is an effort in the use of synchrotron radiation to study
fundamental properties of atomic and molecular systems and an effort to
develop expertise in highly excited atoms as possible radiometric tools.
16-
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Bidirectional Scattering Distributions
New instruments are under development to develop techniques and SRM's
required for Bidirectional Scattering and Reflectance Distribution
Function (BSDF and BRDF) metrology. A class-10 clean room has been
installed and the firstinstruments will be operational in 1991. This
research program is driven by increased demands by industrial and
government labs for much improved measurements of the quantities
which characterize precision optical surfaces.
The multiple-angle BSDF reference system (MARS) is in the process of
being constructed. Itwillhave a fixed source system with shared use of an
optical layout by various lasers and a rotating detector module. It will
include fullhemispherical coverage for both incident and viewing angles
and willinclude laser wavelengths from the UV to the IR.
A study has been started to investigate the physical properties of
materials required to produce high reflectance and/or near-perfect
diffusing samples in the IR. A new candidate material which has many
attractiveproperties,including low absorptance beyond 7 tim, is diamond.
Diamond films and particlescan be grown by chemical vapor deposition at
NIST. Black polished glass has been identifiedas a candidate material for
low-level BRDF measurement standards.
- 17-
C_,I.IBRATION SERVICES
The Division staff performs calibrations to support a wide range of radiometric,
pyrometric, spectrophotometric, and photometric needs. These services and the
staff members responsible for them are listed below. Information on the
availability of service should be obtained from the associated staff member,
directly.
Photodetector Characterization
Contact: Chris Cromer, 301-975-3216
Photometric Measurements
Contact: Jonathan Hardis, 301-975-2373
Low Background Infrared
Contact: Raju Datla, 301-975-2131
Spcctrophotometric Measurements
Contact: P. Yvonne Barnes, 301-975-2345
Pyrometr_ Calibration
Contact: Charles Gibson, 301-975-2329
Spectral Radiance and Irradiance Sources
Contact: John Jackson, 301-975-2330
(Government staff may dial FTS-879- rather than commercial 301-975-)
Mail correspondence should be addressed to the appropriate staff member at the
following address.
Staff Member
NIST
Radiometric Physics Division
Metrology B306
Gaithersburg, Maryland 20899
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CALIBRATION PUBLICATIONS
The following publication are available which describe the calibration activities
of the Division:
NBS SP 250-1, Spectral Radiance Calibrations
NBS SP 250-6, ReL_ular Svectral Transmittance
NBS SP 250-7, Radiance Temverature Calibrations
N'BS SP 250-8, _pectral Reflectance
NBS SP 250-15, Photometric Calibrations
NBS SP 250-17, The NBS Photodetector Svectral Response
Calibration Transfer Program
NBS SP 250-20, SD0ctral Irradiance Calibrations
NIST SP 250, NIST Calibration Service Users Guide 1989,
(soon to be updated)
NIST SP 260, NIST Standard Reference Materials Catalo_
1990-91
To obtain these publications, write to:
or to:
Superintendent of Documents
U.S. Government Printing Office
Washington D.C. 20402-9325
(202) 783-3238
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
(703) 487-4650
- 19 -
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MOBILE CALIBRATION SYSTEM FOR GENERAL PURPOSE TEST INSTRUMENTS
BY
DENNIS KUCHTA
WYLE LABORATORIES
HAMPTON, VIRGINIA
FOR
LANGLEY RESEARCH CENTER
ABSTRACT
This paper provides a general discussion of mobile calibration systems that are being operated at
NASA's Langley Research Center (LaRC). Emphasis is placed on a recently introduced system
called the Field Instrumentation Calibration System (FICS), and on the details of its construction
and operation. The paper describes procedural methods, system hardware and software, and the
impact of mobile systems on calibration time and cost. The paper concludes with a brief discussion
of planned enhancements and additional applications which are under consideration for LaRC's
mobile calibration systems.
1.0 INTRODUCTION
2.0
We have all witnessed the evolution of personal computers and their impact in the
metrology workplace. Software is friendlier and more diverse. Electrical standards are
becoming smaller and more versatile. Manufacturers of calibration standards are
emphasizing automation capabilities so the equipment can be easily interfaced with
computers. Without an extensive staff, a metrology lab can now develop a significant
calibration station that can be transported to an instrumentation user's workplace.
LaRC has operated a mobile calibration system, Field Electronic Laboratory Instrument
Calibration System (FELICS), an evolution of manual and automated techniques, for
more than ten years. FELICS is structured around the Navy's proprietary Mecca
design. This system uses Fluke 1722A/AP controller and Fluke 7411 software to
control the source values and the sequence of events for the calibration process.
Although it is highly productive, this system lacks the accuracy and operational
advantages of current automation technology. At LaRC and Wyle Laboratories, recent
developments in process and control automation have been primarily based on the
utilization of personal computers. These developments were not practically transferable
to FELICS.
In response to equipment user requests and suggestions for increased on site calibration
support, the Instrument Research Division at LaRC developed a second mobile
calibration system, the Field Instrumentation Calibration System (FlCS). Procedures
were simplified, and calibration capability was expanded in this PC-based, advanced
cah'bration system. Incorporated in two portable cases were calibration standards, a
personal computer and operating software, more than 500 calibration procedures, and
requisite interfaces to address LaRC's spectrum of electrical instruments. Mobile
calibration system coordinators and operators were given an increased decision-making
role in meeting the technical needs of equipment users.
PURPOSE AND OBJECTIVES OF A MOBILE CALIBRATION SYSTEM
LHB 5330.9 establishes an LaRC requirement for periodic calibration of electrical and
electronic test and measurement instruments. This document also defines the structure
and measurement criteria of LaRC's instrument calibration program. In support of this
metrology program, the Instrument Research Division has developed two mobile
calibration systems (FlOg and FELIOg) with a primary purpose of providing on site
verification of the operational integrity and accuracy of test, measurement and
diagnostic instrumentation. Moreover, the fundamental objective of mobile system
operations is to satisfy the technical specification for calibration services with minimum
impact on the instrumentation user's research activities and schedules.
LaRC's mobile calibration systems operate in full compliance with the following
requirements for metrology services: (1) all standards used must be traceable to NIST
or a natural constant, (2) calibration procedures and data must be documented and
approved, (3) out-of-tolerance conditions must be documented and reported, and (4)
uncertainty ratios and environmental conditions must be maintained and documented.
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FICS is a state-of-the-art calibration station, a product of today's technology. Recent
improvements in the reliability and ruggedness of laboratory calibration standards make
them usable to perform extremely accurate field calibrations. Advances with personal
computer hardware and software have led to the availability of very powerful, yet easily
transportable, control and computation systems. FICS' combination of accurate,
reliable field standards and computer-controlled processes ensure consistent compliance
with LaRC's metrology program requirements for documented calibrations and data
analysis.
MOBILE CALIBRATION SYSTEM OPERATIONS
3.1 Deployment and Operations Procedures
A flexible schedule for mobile cart deployment to LaRC research facilities
is generated to coincide, if possible, with annual maintenance of other facility
equipment. Prior to the deployment of the mobile calibration system to a
facility, Wyle's supervisor of the mobile cart service interfaces with the
Instrument Coordinator and Technical Monitor, and with the facility
coordinator to verify proposed dates for servicing instrumentation. The
supervisor and facility coordinator jointly identify a proposed location of the
mobile system within the facility during on site calibration operations. From
the NASA Metrology Information System, the Center's Instrument Control
Unit (ICU) produces a list of the facility's instrumentation which is recalled
for calibration. The Technical Monitor and Wyle supervisor review the list
for special handling or unusual calibration requirements. The supervisor
confirms the service schedule and system location with the Technical
Monitor. Notices of the impending service are posted in the facility to
maximize user awareness and utilization of the on-site calibration process.
The Technical Monitor arranges to have the mobile system transported to
the facility at the appropriate time. The supervisor prepares, and the
Technical Monitor approves Instrument Work Orders (IWO) for all
instruments which will be serviced by the mobile calibration system.
After the mobile system is deployed in the facility, the calibration technician
contacts individual users to obtain their equipment. Instrument calibrations
are normally arranged to minimize interference with the daily activity of the
facility or user. The Wyle technician operates FELICS and FICS with total
emphasis on the customer's needs. He may assist the user in removing
equipment from racks or other installations. The technician follows
approved (mostly automated) procedures to calibrate and make the
equipment available for use within hours. After completing an instrument
calibration, the technician processes the applicable IWO, attaches any
applicable calibration data, and forwards the documentation to the supervisor
for review and entry into the metrology information system. If the need is
critical, the calibration technician reinstalls and interconnects the instrument
in the user's system. If the unit under test fails to meet operating
specifications, the technician informs the user and the Wyle supervisor
before taking corrective action.
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3.2 Typical Instruments Calibrated by FICS & FELICS
4.0
Instruments which are typically calibrated by LaRC's mobile cah'bration
systems are stand-alone, dedicated instruments, such as a Fluke 8840 DMM
or HP 5334 counter. Presently, FELICS and FICS supports calibration of
electrical and electronic instruments such as:
VOLTMETERS
MULTIMETERS
TEMPERATURE INDICATORS
FUNCTION GENERATORS
POWER SUPPLIES
SIGNAL CONDITIONERS
DECADE RESISTORS
CURRENT METERS
OSCILLOSCOPES
SIGNAL GENERATORS
COUNTERS
PANEL METERS
AMPLIFIERS
3.3 Calibration Procedures
At the heart of LaRC's mobile calibration systems are the computers which
control calibration operations. In the case of FICS, an IBM-compatible, 386
personal computer with dual IEEE-488 ports is used for process control data
analysis and calibration documentation. Fluke's MET/CAL software is used
to develop and execute the majority of calibration procedures performed with
FICS. Other FICS calibrations use the instrument manufacturer's
recommended procedure which is normally provided in the service manual.
MET/CAL procedures contain detailed instructions for proper performance
of the calibration process. The procedures are stored on the computer hard
drive, and are called as needed by the calibration technician.
Attachment A is a printout of a typical MET/CAL-generated procedure for
cah'bration of a digital multimeter. This procedure produces requisite
cah'bration data and reports which are printed at the mobile workstation. A
detailed description of FICS' MET/CAL software is presented in Section 5.0
of this paper.
FICS HARDWARE
FICS is housed in two transport cases with casters. The cases open to reveal a self-
contained, metrology workstation. Each case contains two standard 19-inch, vertical
equipment racks. Storage drawers are installed in the bottom areas of the racks. When
closed and secured for transportation, each case is 72-inches high, 60-inches wide, and
30-inches deep. With these dimensions, the cases can be rolled through most doorways.
Each transport case is equipped with a line-power jack and operates on standard 120
VAC. Power conditioners (one in each case) filter and regulate the line power to
calibration standards.
Each rack (two per case) contains cooling fans which provide filtered air to dissipate
heat generated by electrical equipment.
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The heart of FICS is an industrial grade, rack-mounted, 386-based personal computer.
The computer is equipped with a 100 MByte hard drive, 1.44 MByte 3.5-inch floppy
drive, and two IEEE-488 buss-control cards. One IEEE-488 card controls and polls the
standards. The other control card is reserved for UUT use. The computer system also
contains a VGA Monitor, IBM-style keyboard, mouse, and 24-pin dot matrix printer.
The use of a personal computer renders a very flexible and expandable data acquisition
system. The command processor is MS Dos 5.0. Therefore, many software options are
available. The calibration technician can load and run a variety of applications
programs, such as a word processor, spreadsheet, and data base for generation of
reports or a library of instrument specifications. Physical storage space is limited in
FICS, and the computer is very valuable as an information file cabinet.
FICS contains the following calibration standards:
I-IP 3458 Digital Multimeter: This high-accuracy multimeter provides measurement of
various UUT outputs and parameters, including dB measurement. Typical instruments
calibrated with this standard include voltage sources, current sources, and power
supplies.
Fluke 5700A Multifunction Calibrator: This is primarily a meter calibrator with DCV,
ACV, DCA, ACA, 4 and 2 wire ohms, and dBm outputs. Used in conjunction with a
Fluke 5725A Amplifier, this standard can generate current up to 10 amps and 1100
volts. It is also used to provide reference signals for calibrations of amplifiers, signal
conditioners, and electronic filters.
Fluke 5450A Resistance Calibrator: This is a resistance standard with a range of 1
Ohm to 100 Megohms.
HP 3325B Function Generator: This instrument is an AC signal source for calibration
of phase meters, electronic filters, low frequency attenuators, etc. It can provide output
voltages of sine, triangle, square and ramp waveforms with modulation and range
sweeping of desired frequencie s .
Fluke 6061A RF Signal Generator: Similar to the above, this instrument provides a
sine wave output up to 1.05 GHz with the option of FM or AM modulation. It is often
used to verify the bandwidth capabilities in high frequency oscilloscopes.
HI:' 6060A DC Electronic Load: This is the main standard for calibration of power
supplies. It provides three modes of operation/testing: constant voltage to 60 VDC,
constant current to 60 Amps DC, resistive loads to 1000 ohms with input-shorted or
input-open conditions.
HP 5334B Counter: This instrument is used to verify the frequency accuracy of signal
outputs from ULFFs such as test oscillators, signal and function generators, and other
instruments which require accurate frequency for verification/alignment.
Argo AS210 Frequency Standard System: This standard is used to verify the input and
time base accuracy of frequency counters.
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TektronixCO5011 Scope Calibrator:This instrumentisused toverifyoscilloscopesfor
measurement of signalamplitude and frequency,risetime,etc.
Tektronix SC504 Oscilloscope: This instrument is used to align UUTs and verify signal
outputs.
Ectron 1120 Thermocouple Simulator/Calibrator: This instrument is used to calibrate
temperature indicating devices such as thermocouple indicators and digital
thermometers. It can also be used as a low-level DC voltage standard.
HP 8903E Distortion Analyzer: This instrument is used to measure output signal
distortion of a UUT. It can also be used in the dB mode to calibrate a low-frequency
attenuator.
Eaton 1011A AC Ratio Standard: This standard is primarily used in the calibration of
small-signal amplifiers and conditioners.
With exception of the AC Ratio Standard and oscilloscope, all standards are IEEE-488
buss controllable.
FICS isalsoequipped with custom-designed hardware which isused in calibrationof
Neff Amplifiersand Edwards SignalConditioners. The mobile system containsa rack
thataccommodates the Neff Model 122 familyofwide band, differentialDC amplifiers.
These instrumentationamplifiersare widely used in research and testthroughout
LaRC. In 1985,Wyle designed and developed amplifierand signalconditionertest
beds for use in the laboratory.The designswere adopted for use in FICS. The test
beds are automated and controlledvia IEEE-488 by the personal computer. A bank
of Phillips21/23 modular switchingunitsare an integralpartof the amplifiertestbed.
The modular switchingunitsdirectinputsignalsto the amplifiersduringthe cah'bration
process. The same bank of Phillipsmodular switchingunits are used to control
calibrationsignalsto the Edwards SignalConditioners.
FICS SOFTWARE
5.1 General Descriotion
Two major factors were considered in selecting software for FICS. The
software had to enable the system operator to easily and quickly generate
cah'bration procedures which are clear and readily executable. Also, the
software had to be compatible with existing calibration standards and other
system hardware. Among commercially available software packages,
MET/CAL most comprehensively satisfied the above requirements.
v
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FICS uses MET/CAL for data acquisition, calibration control and
documentation. MET/CAL supports many core standards in FICS with
built-in driver routines. C-based programs have been developed and used for
calibration of specialized instruments with unusual interface or protocol
requirements. With MET/CAL, the technician can generate and document
calibration procedures without extensive training. These menu-driven
procedures can instruct an inexperienced operator in the performance of
step-by-step calibrations. Many existing instrument-control routines are
directly compatible with FICS hardware. Fluke has a library of MET/CAL-
structured calibration procedures that can be readily accessed for future
requirements.
Calibration programs are routinely written to provide the operator with
instructions for interconnecting equipment. After the UUT is connected to
the system, the program directly controls the standards and UUT during the
calibration process with little or no operator involvement. If the UUT is out-
of-tolerance and can be adjusted via software, MET/CAL can provide
correction of the UUT. If the UUT doesn't have an IEEE-488 interface,
programs can be written to direct an operator through the proper procedure
for a manual calibration, reducing the possibility of technician error. Within
each procedure, the programmer can specify various parameters of a given
calibration to guide the operator and produce the desired tests.
MET/CAL provides documentation for traceability to national standards,
stores calibration procedures and records, tests for uncertainty ratios and
adequacy of standards, alerts the operator of out-of-tolerance conditions, and
generates calibration reports. Salient features of MET/CAL are summarized
in Attachment B.
Detailed Description of a MET/CAL Calibration Procedure
MET/CAL was used to generate the calibration procedure shown in
Attachment A. This procedure guides the calibration technician through the
verification of a Beckman Model 300 Digital Multimeter.
The In'st line of the procedure is "INSTRUMENT". The information entered
into this field by the technician becomes the procedure's file name for
MET/CAL processing of this particular instrument. As such, no two
procedures can share an identical name.
"DATE" is automatically furnished by the system's clock and date function.
The "DATE" is revised every time the program is compiled.
"REVISION"isa MET/CAL option which permits the programmer to record
the revision number for every program. After a program has been used to
cah'brate instruments, it should be saved and filed by name and revision prior
to any modification. The procedure's name and revision number is recorded
on the report of every instrument that is calibrated with FICS.
"ADJUSTMENT THRESHOLD" is the threshold of the UUT's out-of-
toleranceconditionwhich willtriggera requirement for adjustment. The
adjustment threshold can be set by the programmer. Since thissample
procedure does not provide for operator adjustment,adjustment threshold
isnot a factor.
"NUMBER OF TESTS; LINES" are automatically furnished by MET/CAL
when the procedure is compiled.
"CONFIGURATION" is a listof instruments required to execute the
program and isautomaticallyfurnishedby MET/CAL when the procedure
iscompiled.
"STEP" is the test number and line number within the test. For example,
1.004 is test 1, line 4. The test number is advanced each time the procedure
calls for a test evaluation. MET/CAL assigns the step numbers when the
procedure is compiled. Multiple lines can have the same step number and
are executed by the program at the same time.
"FSC" is Function Select Code. These commands are supported by
MET/CAL, and are used to display information, set program execution
parameters, math functions, designate memory location and/or content,
address the IEEE interface, etc. In the sample procedure, ASK-/+ sets the
execution parameters for the program. "+" turns a parameter on and "-"
turns it off. For example, 1.002 ASK+ K sets the program to ask the
operator for keyboard input of the UI.YFs indication at each test.
The "IEEE" FSC will directly access standards for which a Fluke-generated
FSC program is unavailable or incomplete. Line 21.004 of Attachment A is
an example. The FSC for the 5450A Resistance Cah'brator does not
automatically set up "2 Wire Comp" in the 5450A when a two wire
connection is specified. The set up is accomplished by directly accessing the
5450A through the "IEEE" FSC and providing the appropriate command.
"RANGE" is the range setting of the instrument under test. This information
is used by MET/CAL in the generation of data reports and equipment-
connection messages during program execution.
"NOMINAL" is the operator-specified, nominal value of stimulus to be
applied to the UUT.
V
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"TOLERANCE" specifiesthe UUTs permissible tolerance. MET/CAL will
accept the following tolerance formats: percent of nominal value, percent of
range, absolute units, and parts per million. Refer to line 1.007 of the sample
procedure. The range of the UUT is to be set at 200 inV. The 5700A is
asked to provide 190mV DC as nominal. The tolerance of the test is +/-
0.5% (of nominal), +/-0.1 Unit (100uV - in this case, one count of the
meter's display).
"MOD1, MOD2, 3, 4" designate various qualifiers to certain FSCs. MOD1
is used primarily to indicate frequency of AC volts. MET/CAL knows that
AC volts are required through the 400H (400 Hz) designation under MOD1.
"CON" is used to designate the configuration of equipment connections;
2W(ire), 4W(ire), etc.
When the program is compiled, MET/CAL computes and indicates the Test
Tolerance, System Tolerance, and TUR (Test Uncertainty Ratio) for each
test evaluation. The system will flash a warning to the programmer should
a test not meet specified TUR (in this case, 4 to 1). A summary of TUR
evaluation appears at the end of the program. If the system cannot directly
compute a TUR, it will inform the programmer to manually compute and
record the TUR.
MET/CAL is user friendly and very comprehensive. This software permits
an individualwithout an extensivecomputer background to develop and
executean automated calibrationprocedure. Itestablishestandardization
in equipment testingand an excellentaudittrailfor calibrationtraceability.
Although the calibration/verificationtechnique is dictated by the
programmer, MET/CAL significantlyreduces the number of operator
judgement calls. In short,MET/CAL reduces the potentialfor error,
increasesproductivity,and consistentlyproduces qualitycalibrations.
BENEFITS OF MOBILE CALIBRATION SYSTEMS
Prior to implementation of FELICS and FICS, an instrument user at LaRC could have
general purpose test equipment calibrated only by sending it to the laboratory. This
process typically involves routing the equipment and service request through the on site
Instrument Control Unit (ICU) to Wyle. At the ICU, a work order for instrument
service is generated and processed. After receipt at Wyle, the instruments are
distributed to the calibration laboratory, and are scheduled for service in accordance
with assigned priority. After the calibration is completed, the instrument is returned
to the user through the ICU. Routinely, this entire process takes 10-12 days and
involves considerable handling of the equipment by other than trained technicians.
On the other hand, having a mobile calibration system located in the user's facility
significantly improves timeliness of calibration service and eliminates the cost of
additional handling of the equipment. The total process for the on-site cah'bration of
an instrument is routinely completed within hours, a significant reduction in downtime
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of the research equipment. The mobile calibration service includes generation of all
instrument-service requests and other requisite documentation, reducing the user's
paperwork burden. The technician may assist the user with removal and reinstallation
of calibrated equipment in the user's research system, and can offer consultation on
proper use and operation of the user's instrumentation. Minimal handling of the
instrument by other than a trained instrument technician reduces the potential of
damage. If a problem arises during calibration, the user is immediately informed of the
situation. Prior to taking additional action, the technician communicates all repair
requirements and special operations to the user and the Wyle supervisor for approval.
FUTURE EXPECTATIONS
The mobile calibration systems (FICS and FELICS) have been successfully
implemented and widely accepted at LaRC. Users have recognized the benefits, and
have made a number of suggestions to expand and enhance the systems. In the
immediate future, FELICS will be upgraded. The Fluke 7411 controller will be
replaced with an Industrial 486 personal computer and MET/CAL software, and an HI'
3458A DMM will be installed.
LaRC and Wyle are examining the possibility of expanding the mobile systems'
capability to service a larger selection of signal conditioners/amplifiers. This
enhancement will require additional custom-developed hardware.
VXI buss-controlled instrumentation are gaining popularity in the research community.
FICS and FELICS may be expanded to incorporate special hardware for calibration of
test equipment with VXI interfaces.
Many equipment users have requested limited on-site calibration of thermal and
pressure measurement instrumentation. Hart Scientific., Inc. manufactures a portable,
thermal calibration furnace which generates temperatures from 200-1100°C with a
stability of 0.75°C. A furnace of this type can provide FICS and FELICS with the
capability to calibrate several types of thermocouples and thermal sensors. Many
quartz-sensor, pressure indicators are now available for use as transfer standards in
field calibrations.
In order to maximize the mobile stations' availability, LaRC is looking to reduce the
downtime required for calibration of on board standards. The Fluke 5700A Calibrator,
a key standard in the mobile calibration system and an extremely accurate instrument,
is normally returned to Wyle's laboratory for a very lengthy calibration with primary
standards. Datron has recently introduced a self-contained, programmable transfer
standard which is capable of rapid, fully-automated calibrations of high performance
multifunction calibrators such as the Fluke 5700A. Consideration is being given to the
purchase of standards which can improve turnaround on certification of FICS and
FELICS equipment.
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8.0. CONCLUSION
FICS and FELICS are accurate and adaptable calibration stations. These mobile
systems provide LaRC with the low cost and high efficiency of on site calibration
service. These benefits consistently result in a high level of equipment-user satisfaction.
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ATTACHMENT A
:AL CART: FICS 615-20
,NSTRUMENT:
DATE:
qUTHOR:
_EVISION:
_OJUSTMENT THRESHOLD:
"lUMBER OF TESTS:
,_UMBER OF LINES:
CONFIGURATION:
ONFIGURATION:
CONFIGURATION:
BECKMAN 300 DMM
I8-Feb-93
C.BROWN
1.0
I00_
37
130
Fluke 5700A
Fluke 5725A
Fluke 5450A
MET/CAL Procedure
FSC
ASK-
ASK+
HEAD
DISP
DISP
DISP
HEAD
DISP
DISP
DISP
DISP
5700
RANGE NOMINAL TOLERANCE MOD%
P
K
INITIAL SET-UP
Verify Battery and replace as necessary
MOD2 3 4 CON
F W
Verify fuse and replace as necessesary
{DC volts)
Connect: 5700 HI tO UUT V-[234]
Connect: 5700 LO to UUT COM
200 190mY 0.5% O.%U
Test Tol 0.00105, Sys Tol 2.51e-006, TUR 418.327 ()= 4.00).
5700 2 I.gv 0.5% O.O01U
Test Tol 0.0105, Sys Tol 1.64e-005, TUR 640.244 (>= 4.00).
5700 20 19V 0.5_ O.01U
Test Tol 0.I05, Sys Tol 0.00016, TUR 656.250 ()= 4.00).
5700 200 190V 0.5% O.IU
Test 7oi 1.05, Sys Tol 0.00181, TUR 580.110 (>= 4.00).
5700 1500 1000V 0.5% 1U
Test Tol 6, Sys Tol 0.0116, TUR 517.241 ()= 4.00).
HEAD (AC Volts _ 400HZ 3KHz IOKHZ}J |
DISP Make sure 5700 has settled ("u" OFF)
DISP before entering UUT reading
5700 200 190mV 1.5% 0.4U 400H
Test Tol 0.00325, Sys Tol 3.09e-005, TUR 105.178 ()= 4.00).
5700 200 190mV 2.0% 0.SU 3kH
Test Tol 0.0043, Sys Tol 3.090-005, TUR 139.159 ()= 4.00).
5700 200 190mV 3.0% 0.9U lOkH
Test Tol 0.0066, Sys Tol 3.09s-005, TUR 213.592 ()= 4.00).
5700 2 l.gv 1.5% O.O04U 400H
Test Tol 0.0325, Sys Tol 0.0001685, TUR 192.878 ()= 4.00).
5700 2 1.9V 2.0% O.O05U 3kH
Test Tol 0.043, Sys Tol 0.0001685, TUR 255.193 ()- 4.00).
5700 2 1.9V 3.0% O.O09U lOkH
Test Tol 0.066, Sys Tol 0.0001685, TUR 391.691 ()= 4.00).
5700 20 19V 1.5% O.03U 400H
Test Tol 0.315, 5ys Tol 0.001685, TUR 186.944 ()= 4.00).
5700 20 19V 2.0% O.05U 3kH
Test Tol 0.43, 5ys Tol 0.001685, TUR 255.193,(>- 4.00).
5700 20 19V 3.0% O.09U lOkH
Test Tol 0.66, Sys Tol 0.001685, TUR 391.691 ()- 4.00).
5700 200 190V 1.5% 0.3U 400H
Test Tol 3.15, Sys Tol 0.0181, TUR 174.033 ()= 4.00).
STEP
1.001
1.002
1.003
1.004
1.004
1.004
1.005
£.OOb
1.006
l.OOb
1.006
1.007
#!
2.001
#!
3.001
4.001
#!
5.001
6.001
b.O02
6.002
6.003
#!
7.001
#!
8.001
#_
9.001
#!
10.001
#!
11.001
#_
12.001
#!
13.001
#_
14.001
#_
15.001
#!
2W
2'
2W
2W
2W
2W
2W
2w
2W
2W
2W
2W
2''
2W
Continued ... Pigs I 01 = 3
16.001
_,_.001
#!
18.001
19.001
#!
20.001
#!
21.001
21.002
21.003
21.004
21.005
#!
22.001
22.002
#!
23.001
23.002
24.001
24.002
#!
25.001
_.002
_2_6.001
26.002
27.001
27.002
27.003
27.004
27.004
27.004
27.004
27.005
#!
28.001
29.001
3o.ool
#!
31.001
#!
32.001
32.002
32.002
32.003
_.003
-,_,2.003
32.004
33.001
#!
ORIGINAL PA_--,C_EIS
OF POOR QUALITY
5700 200 190V 2.0_ 0.5U 3kH 2W
Test Tol 4.3, Sys Tol 0.0181, TUR 237.569 (>= 4.00).
5700 200 190V 3.0_ O.gU lOkH 2W
Test Tol 6.6, Sys Tol 0.0181, TUR 364.641 (>= 4.00).
5700 1000 IO00V 1.5_ 3U 400H 2W
Test Tol 18, 5ys Tol 0.094, TUR 191.489 (>= 4.00).
5700 tO00 IO00V 2.0_ 5U 3kH B1 2W
Test Tol 25, Sys Tol 0.171, TUR 146.199 (>= 4.00).
5700 1000 IO00V 3.0_ 9U lOkH B1 2W
Test Tol 39, Sys Tol 0.171, TUR 228.070 (>= 4.00).
5700 * S
HEAD {Ohms}
ASK+ W
IEEE [@5450] 2 WIRE COMP ON
5450 200 190Z 0.75_ 0.1U 2W
Test Tol 1.525, Sys Tol 0.014945, TUR 102.041 (>= 4.00).
IEEE [@5450] 2 WIRE COMP ON
5450 2 1.gkZ 0.75_ O.O01U 2W
Test Tol 15.25, Sys Tol 0.0597, TUR 255.444 (>= 4.00).
IEEE [85450] 2 WIRE COMP ON
5450 20 19kZ 0.75_ O.OIU 2W
Test Tol 152.5, Sys Tol 0.3625, TUR 420.690 (>= 4.00).
IEEE [@5450] 2 WIRE COMP ON
5450 200 190kZ 0.75_ O.1U 2W
Test Tol 1525, Sys Tol 3.565, TUR 427.770 (>= 4.00).
IEEE [@5450] 2 WIRE COMP ON
5450 2 l.gMZ 0.75_ O.O01U 2W
Test Tol 15250, 5ys Tol 36.1, TUR 422.438 (>= 4.00).
IEEE [@5450] 2 WIRE COMP ON
5450 20 19MZ 1.5_ O.OIU 2W
Test Tol 2.95e+005, 5ys Tol 1064, TUR 277.256 (>= 4.00).
5450 * 5
HEAD {DC Current}
ASK- W
DISP
DISP Connect: 5700 HI to UUT A
DISP
DISP Connect: 5700 LO to UUT COM
5700 200 190uA 1.00_ O.IU 2W
Test Tol 2e-006, Sys Tol 2.14e-008, TUR 93.458 (>= 4.00).
5700 2 l.gmA 1.00_ O.O01U 2W
Test Tol 2e-005, Sys Tol 1.24e-007, TUR 161.290 (>= 4.00).
5700 20 19mA 1.00_ O.OIU 2W
Test Tol 0.0002, Sys Tol 1.24e-006, TUR 161.290 (>= 4.00).
5700 200 190mA 1.00_ O.IU 2W
Test Tol 0.002, 5ys Tol 1.43e-005, TUR 139.860 (>= 4.00).
5700 2 I.gA 1.00_ O.O01U 2W
Test Tol 0.02, Sys Tol 0.0002105, TUR 95.012 (>= 4.00).
HEAD {AC Current @ 400Hz}
Make sure 5700 has settled before entering
UUT readings.
Connect: 5700 HI to UUT A
DISP
DISP
DISP
DISP
DISP
5700
Connect: 5700 LO to UUT COM
200 190uA 2.0% 0.4U 400H 2W
Test Tol 4.2e-006, Sys Tol 5.04e-008, TUR 83.333 (>= 4.00).
5700 2 1.gmA 2.0_ O.O04U 400H 2W
Test Tol 4.2e-005, 5ys Tol 3.44e-007, TUR 122.093 (>= 4.00).
34.001
25.001
36.001
37.001
37.002
37.003
5700 20 19mA 2.0% O.04U 400H 2W
Test Tol 0.00042, Sys Tol 3.44e-006, TUR 122.093 (>= 4.00).
5700 200 190mA 2.0_ 0.4U 400H 2W_,,/
Test Tol 0.0042, Sys To1 3.44e-005, TUR 122.093 (>= 4.00).
5700 2 1.9A 2.0_ O.O04U 400H 2W
Test Tol 0.042, Sys Tol 0.001465, TUR 28.669 (>= 4.00).
5700 * S
HEAD
DISP This concludes the verification !!!
#! T.U.R.s less than 4.00: 0
#! T.U.R.s estimated using RANGE value: 0
#[ T.U.R.s not calculated (ASK- U): 0
#! T.U.R.s not computable at compile time: 0
#! FOR JUSTIFICATION REFER TO COMMENTS FOLLOWING EACH TEST IN THIS LISTING.
ATTACHMENT B
WHY MET/CAL ?
M_TICAL Feature
Upward Traceabilky
Calibration Records
Calibration Procedures
Out of tolerancertT_rang
Test Unc_,mam_ Raaa (TUR) calcutanon
Environmental conditions logged
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calibrauon records
Complies with ISO 9001, 4.11c or MIL.STD-45662A, $.5;
dacurnented cal p_
Complies with ISO 9001, 4.11g or MIL.STD-45662A, 5.6;
ouz.of-tole.ran_ cond#ions
Complies with I$0 9001, 4.Ild or MIL-STD-45662A, 5.2;
a_n_uacyofnanaaras
Complies with 150 9001, 4.11h or MIL.STD-45662A, 5.3;
environmental conditions
coverage of the _ worldoad
Large/nsra//edbase Promotes_ of _ acrossusercom,,u,n_
Insures operatorsafny
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Space Station Freedom
Metrology
The WP-01 Approach
Presented to the NASA Metrology
Working Group 16th Annual Workshop
April 21, 1993
By
Randy Humphries Jr.
NASA Marshall Space Flight Center
Huntsville, Alabama
I. INTRODUCTION
The word metrology refers to a wide variety of aspects of the
measurement process. The following definition is offered to assist in
understanding what metrology means to the Space Station Freedom
and therefore what this paper addresses.
Space Station Freedom Metrology:
It is "The ability of the flight systems and associated
instrumentation to maintain the required accuracy over the
specified period of operation. " For the Space Station that
means a 30 year life.
I I. SPACE STATION FREEDOM OVERVIEW
With that in mind an overview of the Space Station Freedom is
in order. Figure 1. shows the Space Station as it exist today along
with who is responsible for design and construction of each element.
NASA has international agreements with 1) The European Space
Agency (ESA), 2) Japan and 3) Canada. ESA is working on a
Pressurized Laboratory Module, a Polar Platform and the Man
Tended Free Flyer. The Japanese are undertaking a Pressurized
Laboratory module that has an exposed facility and an experiment
Logistics Module. Canada will be constructing the Mobile servicing
center.
NASA has three centers responsible for different portions of
the Space Station: Lewis Research Center (WP-04) has the Photo-
voltaic power modules and the Electrical Power System (EPS);
Johnson Space Center (WP-02) is in charge of the Truss, Mobile
transporter, nodes and airlocks as well as systems including the
External Thermal Control, External Vehicular Activity (EVA), Data
Management System (DMS), Communications and Tracking, Guidance
Navigation & Control (GN&C), propulsion and the National Space
Transportation Systems (NSTS) attachment systems. Marshall Space
Flight Center (WP-01) is responsible for the pressurized shells for
the nodes, the Habitation, Laboratory and Logistics modules, and the
Internal Thermal Control System (ITCS), Internal Audio/Video
(IAN) and Environmental Control and Life Support Systems (ECLSS).

The ECLSS systems include a] Air Revitalization, b] Fire Detection and
Suppression, c] Atmosphere Control and Supply, d] Temperature and
Humidity Control, e] Water Recovery and Management and f] Waste
Management System.
Construction of the Space Station will be accomplished in three
major phases:
1 ) Man Tended Configuration or MTC, where the shuttle will
dock with the Station and remain attached while the
experiments are performed. MTC is scheduled for 1997.
2) Permanently Manned Configuration or PMC when we will
establish our presents in space without the requirement
for the shuttle. PMC is projected to be in 1999.
and
3) Eight Man Crew Capability (EMCC) will occur some time
after the year 2000 when the the full Space Station
freedom is scheduled to be in orbit as seen in figure 1.
III. SPACE STATION FREEDOM WP-01 METROLOGY HISTORY
When asked to suggest coverage topics for this report, Mr.
Robert Burdine 4 thought three specific areas important to address.
1)
2)
3)
WHAT HAS BEEN DONE IN THE AREA OF SSF METROLOGY?
WHAT IS THE CURRENT STATUS?
WHAT MIGHT THE WORKING GROUP DO TO ASSIST SSF?
1) WHAT HAS BEEN DONE?
A) $SF METROLOGY BACKGROUND
In 1989 Martin Mariettal and Vitro Corporation2 performed
studies of On-Orbit Metrology and Calibration Requirements for
Space Station Freedom. Their findings concluded the unique
challenge of ensuring long term performance in a system that was
not readily accessible to engineers and technicians. The studies cited
candidates for on-orbit calibration and provided recommendations of
on-orbit calibration requirements, and the need for further
development of measurement/calibration equipment and techniques
to meet space-based metrology concerns.
Most recently the NASA Metrology Working Group, formed the
Spaced based Metrology Committee to begin addressing needs for
long duration missions. As a result, significant work has been
performed toward the development of a NASA Metrology, Calibration
& Measurement Processes Guidelines Handbook3 with specific
orientation toward long-term space operation.
Although the studies and initiatives verified the need for
serious consideration of SSF metrology, they followed requirements
development and were never incorporated into the design
requirements. Technical interchange meetings and impromptu
discussions addressed the issue at various stages, but without the
teeth of a requirement, little if any design changes resulted.
B) WP-01 METROLOGY
A group of Marshall Space Flight Center engineers had also
been trying to get attention focused on metrology. In 1991, at the
WP-01 Preliminary Design Review (PDR) a Review Item Discrepancy
or RID was written against all WP-01 development plans. The RID
addressed the lack of consideration of the long term integrity of the
measurements. The resulting action was two-fold. First, the
formation of a metrology committee consisting of Marshall and
Boeing engineers; and second the development of a Metrology Plan.
The WP-01 metrology committee took on the task of directing the
development of the plan while simultaneously implementing a test
case.
The basic metrology plan was developed over a period of 9
months and included input from the previously cited studies,
Marshall and Boeing personnel and the NASA Space Based Metrology
subcommittee. The impetus behind the plan is the direction of WP-
01 flight metrology activities. It provides the metrology approach,
philosophies, criteria and processes with the purpose of assuring the
long term integrity of operations and performance for the on-orbit
systems. The plan is written as volume II of the System Engineering
and Integration Plan (D683-10084-3).
C) METROLOGY TEST CASE
The Internal Thermal control System (ITCS) was chosen as the
test case to study the feasibility and application of the design-based
metrology philosophy. Primary concerns in performing the study
included:
The design existed at a reasonably mature stage and
therefore time constraints predicated the need to focus
on only the most serious design concerns.
The overriding Space Station maintenance philosophy
was removal and replacement of failed equipment.
No previous on-orbit calibration experience existed.
The Boeing ITCS personnel were furnished with the Martin
Marietta and Vitro studies as well as the draft copy of the NASA
Metrology Handbook. They were also given some basic instructions
tO:
• Assess the functional accuracy
• Investigate the measurement difficulty
• Define their need for verification or calibration
• Develop a plan to control ITCS measurement uncertainties
• and finally, Flow appropriate changes into documentation
Their findings were as follows:
• The Failure Modes and Effects Analyses did not contain
Out-Of-Tolerance as a plausible failure mechanism and
would have to be updated..
• Verification for the ITCS could be accomplished on the
ground utilizing telemetered data.
• They would write closed loop equations using causal
relations to compare sensors.
• A flowmeter needed to be added to allow the ground
verification to be accomplished.
and most importantly, the test case
• Verified the need to include other functional
organizations in the metrology study.
D) COMMITTEE ACTIVITIES
In addition to the development of the plan, following the
successful test case, two major reviews were held. The first review of
all WP-01 systems was covered on August llth and 12th of 1992.
The presentations focused on the sensors, their accuracy and
methods to be used to verify.
The results produced a need to:
• Examine sensor historical data
• Define process to calculate Mean Time Between Out Of
Tolerance (MTBOOT), and confirmed an earlier suspicion
that the
• Multiplexer DeMultiplexer (MDM) tolerance was driving
sensor accuracy in some cases. The MDM is the signal
conditioning and A/D conversion portion of the Data
Management System (DMS).
As a result of this third finding, and the fact that WP-01 is not
charged with MDM design responsibility, additional analysis was
performed and the issue of MDM accuracy was taken to an inter-
center Engineering Design Council (EDC) for deliberation and decision
making.
The second review took place in December of 1992. During a
two day period the WP-01 subsystems presented fault detection
methods for drift/Out-Of-Tolerance detection.
Each subsystem designer was given the Sensor Tolerance
Maintenance Decision Matrix (figure 2) to be used for assessment of
sensor out-of-tolerance detection. The matrix was designed by Mr.
Bill Hyman 5 of Boeing-Huntsville as a tool or guide for the system
designers. Followed properly, and using viable fault detection
rationale, the matrix identifies the level the detection takes place,
and/or mandates a design change.
The designers listed all sensors as to whether they were
discrete or analog measurements, and if they had imbedded
processors. The list of sensors showed the criticality category and the
design condition as determined from the matrix. Also the rationale
for how OOT was detected was explained. The decision matrix was

simple, yet effective. The designers now had a clearer understanding
of the issues.
Still, some evolution of change issues existed. In specific the
process of using two co-located identical sensors checked against
each other to determine OOT was a common practice, and sensor
accuracy requirements were still not derived from subsystem
functional requirements.
2 ) WHAT IS THE CURRENT STATUS?
The WP-01 Man Tended Configuration Critical Design Review
(MTC CDR) will be complete at the end of April. Review Item
Discrepancies (RID's) have been written against the fault detection
methods, the sensor specifications and probably most importantly
against the Analyses and Analytical Models.
The RID shown in figure 3 was written against all WP-01 systems
and will, along with individual instrumentation RID's, be used to
assure closure of metrology issues.
In general the WP-01 MTC CDR documentation reflect a
willingness to address system metrology. The detailed analyses and
supporting information continue to be developed. Lack of
comprehensive CDR metrology data is mainly due to a knowledge
void as well as time constraints. Remember, most of the designers
received emphasis area action items only after the test case was
completed in May of 1992.
Significant advances made to date include:
Reliability and Maintainability documentation now reflect OOT
as a plausible fault condition.
Preliminary accuracy analyses have surfaced system
instrumentation needs not known prior to this effort.
The EDC action resulted in a trade study to evaluate the impact
of MDM changes against either sensor enhancements or
requirements relaxation.
Fault detection analyses produced the need for additional
sensors in one system and identified the existence of too many
in another.
1. Phone: 544-3443
Initiator: Randy Humphries Jr.
Organization No.: EB22
2. Team: GENERAL
,
Discrepancy/Problem:
REVIEW ITEM 3. Review:
DISCREPANCY End Item:
(RID) 4. RID #:
Track #:
6. Doc #:$E 27 Page:
Name: ANALYSES & ANALYTICAL MODEL
Sac:
Para: Var:
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TITLE: SENSOR/INSTRUMENTATION ACCURACY
Each subsystem of a measurement system contributes errors which combine to produce a
composite measuring system error. If instrumentation data is to be useful for implementing redline
limits, condition checking and control windows, the inaccuracies introduced by the
instrumentation system must be included. An investigation to determine errors associated with
transducers, signal conditioners and telemetry links should be included. The analysis should
include beginning and end-of-life accuracies.
8. Recommendation:
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FIGURE 3
Removal and replacement intervals are being adjusted to meet
realistic sensor OOT intervals.
The progress in these areas encourage the undertaking of the
tasks ahead.
OOT detection methods need reviewing for adequacy and
should be supported by analyses. Some education of proper
detection methods will probably be necessary.
Instrumentation/sensor accuracy requirements need
traceability to the system design requirements.
An error budget/accuracy analysis needs to be included with
all measurements particularly on criticality 1 systems.
Inclusion of instrumentation drift predictions and/or test data
is considered part of the process.
A majority of the SSF WP-01 systems utilize evaluation of
telemetered data to verify tolerance bands. A telemetry
impact assessment should be performed to confirm this theory.
Additionally, any tolerance limits/uncertainties associated with
the telemetry link should be included in the measurement
accuracy analyses.
On-orbit and ground drift detection methods rely on software
algorithms for autor, ated processing of the data. Verification of
the software should be integrated into a error simulation
system.
THE bVIX,rRE
The WP-01 SSF metrology outlook involves following the
metrology plan and schedule, and proper closure of CDR RID's. What
is meant by the last statement is that, reply's to all RID's must be
reviewed and accepted by the writer of the RID.
Space Station metrology is an iterative activity and as such
welcomes suggestions to improving the process. As for future
programs and vehicles the following suggestions are offered:
Produce documentation to show the derivation of
instrumentation requirements from the system
requirements.
Include accuracy analyses with tolerances on all
measurements in the instrumentation stream.
Assure the inclusion of Out-Of-Tolerance predictions in
the Failure Mode and Effects Analysis (FMEA) and the
method by which the condition will be detectable.
Where necessary, perform analysis to verify detection
methods.
For long term space missions, conduct design trades to
optimize designs i.e. the cost of maintenance and
resupply logistics against design for calibration.
In short, instrumentation requirements and selection needs to
incorporate design traceability. Selection of the sensors and careful
control of the instrumentation design parameters should be an
integral part of the design process.
Our future long duration manned space programs cannot
preclude the possibility of on-orbit calibration. Calibration must be
considered equal in the trades and analyses.
3 ) WHAT CAN THE WORKING GROUP DO7
The NASA Metrology and Calibration Working Group would
seem to have a vested interest in space-based metrology. The
technology advances that can come from the need to extend
calibration periods and the knowledge of space exploration as it
pertains to metrology can only serve to move the field of metrology
forward and bring the design community closer. To that end the
following general recommendations are offered:
We must work on fostering relationships between the flight
design community and metrology body. The service here will
benefit both parties.
A cooperative effort between the design and metrology public
to complete the NASA handbook is a good starting point
towards accomplishing the above and will serve as a needed
design tool for both organizations.
Establishment of design standards that include design-based
metrology. This means incorporation of requirements in all
future documentation.
Education of the design people about the science of
measurement. It isn't that the design community doesn't want
to incorporate metrology, it's that they don't fully understand
the benefits it can bring to the designs. A collaborative effort of
understanding the needs and accepting a team approach will
again benefit both parties.
CONCLUSIONS
The WP-01 program has acknowledged the challenges of
metrology and is working forward in a team effort to identify all
potential problems and to solve them to the benefit of long term
system integrity while working under program constraints.
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Measurement Decision Risk Anal, 'sis
_1 End Item Utility vs. Measurement Accuracy
Cost of Accuracy vs. Cost of Low Utility
Total Life Cycle Cost Optimization
Uncertainty_ Growth Control
Im Periodic Calibration / Testing
I_ Statistical Measurement Process Control
1Mh Annual NASA MMrology & Callbradon Workshop
Measurement Decision Risk Analysis
o End Item Utility vs. Measurement Accuracy
o Determine the relationship between performance and utility.
• Determine the relationship between performance and attribute
(parameter) values.
• Link attribute values to utility.
o Cost of Accuracy vs. Cost of Low Utility
• Predict utility based on attribute value distributions.
• Determine the =cost" of the predicted utility (performance cost).
• Determine the cost of achieving the attribute distributions.
Total Life Cycle Cost Optimization
• Balance life cycle costs against performance cost.
Uncertainty Growth Control
o Periodic calibration I Testing
• Uncertainty grows with time elapsed since calibration or test.
• Control uncertainty growth with periodic calibration or testing.
Statistical Measurement Process Control
• Use measurement results to evaluate measuring parameters.
• Control uncertainty growth statistically.
Part I
Measurement Decision
Risk Analysis
IU_ Anm_ NASA Mem)/ogy & Callbra_on Wo_q_
Measurement Decision Risk Analysis
End item Utility vs. Measurement Accuracy
Q Cost of Accuracy vs. Cost of Low Utility
• Analyze total accuracy Life Cycle Cost.
• Add Performance Cost to LCC.
Utility vs. Measurement Accuracy
Performance and Utility
0 Performance and Attribute Values
0 Attribute Values and Utility
Attribute Tolerances
Calibration and Testing
Uncertainty and Risk
16_hAnnual NASA _ & Calibra_on Workshop
Utility vs. Measurement Accuracy
Q Performance and Utility
. How useful is a given level of performance?
Q Performance and Attribute Values
. How are performance and attribute values related?
Q Attribute Values and Utility
. Can attribute values be linked to utility?
. If so, what are limits that bound high vs. low utility?
. What is the role of calibration and testing in
ensuring compliances with tolerances? In ensuring
high utility?
4 What is the relationship between
measurement uncertainty and decision risk?
,, How does decision risk impact utility?
4 How does uncertainty impact utility?
1_1_Anm_ NASA I_ro/eW & C._br_Uen Wenkshep
Performance and Utility
Q High Performance Doesn't Automatically Mean High
Utility
Q Utility Depends on Context
Utility
Acceptable Unacceptable
Performance Diminished
10th Annual NASA _ & CaCbration Workshop
Utility vs. Performance
Q The Utility of Performance
,_ Performance (e.g., engine thrust) corresponds to
utility.
•_ 100,000 Ibs of thrust is not especially useful if the
load is 10,000,000 Ibs.
, The utility of performance is context sensitive.
Performance Limits
•_ Limits that bound acceptable vs. unacceptable
performance correspond to limits that bound high
vs. low utility.
-..,._..
Performance
Tolerance Limit
50004O0O
3OO0
2OO0
1000
0
Nominal Out-of-Tolerance
Attribute Value
f_h Anmml NASA MetreleW & Calibration Workshop
Performance vs. Attribute Value
Functional Dependence
• The performance of an end item is functionally
dependent on the values of its measurable
parameters or attributes.
• E.g., the detection range of a radar is dependent on
the detector sensitivity, the antenna gain, etc.
Q Tolerance Limits
Tolerance limits bound acceptable vs.
unacceptable attribute values. These values
should correspond to acceptable vs. unacceptable
performance.
L_
Utility
1
0.8
0.6
0.4
0.2
0
Nominal
Tolerance
Limit
Out-of-Tolerance
Attribute Value
l_h Anm_ NASA Metrology & Calibration Workshop
Utility vs. Attribute Value
Q Functional Dependence
. If end item utility depends on end item
performance, and ...
. End item performance depends on attribute values,
then ...
. End item utility depends on attribute values.
Q Tolerance Limits Revisited
. Limits that bound acceptable vs. unacceptable
attribute values should correspond to limits that
bound high vs. low utility.
Utility Performance Utility
Performance A trib ute Attribute
feth Annul NASA _ & Callbm_on Workshop
Link Utility to Attribute Value
Establishing the Link
•_ Transpose from the Utility vs Performance and the
Performance vs Attribute Value curves to form a
Utility vs Attribute Value curve.
Q Using the Link
We want to know how the values of the attributes we're
designing, building and testing relate to the utility of the
systems they belong to.
,_ Determine what degree of attribute value
containment corresponds to a given level of utility.
•_ Determine the cost benefit of this level of utility.
•_ Determine what it costs to achieve the attribute
value containment.
•_ Balance this cost against the benefit of the utility
gained by the attribute value containment.
More will be said on this later.
_r
Salient Points"
II_ Attributes at or near nominal / design values
correspond to high uUlity.
• /I Tolerances can be established to confine attributes
close to nominal values.
Tolerances are =tools" for ensuring high uUlity.
CalibraUon and tesUng are done to ensure that
attributes are within tolerances.
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Why Test or Calibrate Attribute Values?
Basic Premise:
•_ End item nominal or design points correspond to
maximum performance and, therefore, to maximum utility.
•_ Attribute values that stay close to these points correspond
to high utility.
•_ Attributes that stray too far from these points correspond
to low utility.
Applying Tolerances
•_ If tolerance limits are established on the basis of utility,
then ...
•_ tolerance limits can be used as tools for ensuring utility.
Calibration and Testing
,_ Testing is done to ensure end item compliance with
tolerances, i.e., to ensure utility.
•_ Calibration is done to:
,_ Ensure that test system attributes comply with their
tolerances.
,_ Control uncertainties in tooling and manufacturing.
A Loc ical Conclusion:
I_ Since calibration and testing are done to ensure that
attributes are within tolerance, then calibration and testing
are done to ensure high utility.
A Natural Question"
Can the costof calibrationand testingbe balanced
against the benefitof improvedutility?
fMh ,#mntml NASA _ & Calibrallon Workshop
Linking Utility to Calibration and
Testing
Q A Summary of Findings to this Point
,_ Low utility corresponds to high cost.
•_ If tolerances are meaningful, in-tolerance attributes
should correspond to high utility.
, Therefore, in-tolerance attribute values should
correspond to low cost.
,_ Calibration and testing ensure that attribute values
are in-tolerance.
•_ This means that calibration and testing ensure high
utility.
,, Therefore, calibration and testing save money.
. But calibration and testing cost money.
Q The Key Question
Can the cost of calibration and testing be traded off against
the cost benefit of high utility? V
Pre- Test Post- Test
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Controlling Uncertainty
Q Motivation for Measurement
• Whether testing an end item, calibrating a test
system or measuring a component, measurements
are made to make decisions or obtain information.
Q Decision Process
• Is the measured value acceptable?
• If the measured value is used (in design or
manufacturing), will the outcome be successful?
Q Outcome of a Measurement
• Unacceptable measured values are rejected.
• The chance of employing =low utility" attributes is,
hopefully, reduced.
10:1 4:1 1:1
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Measurement Decision Risk
Q Decision Risk vs. Accuracy
•_ The probabilityof making a wrong decision based
on measurement results is call measurement
decision risk.
. Decisions made from accurate measurements are
likely to be more correct than decisions based on
inaccurate measurements.
Q Principal Types of Risk
. False Accept Risk
4 The probability that out-of-tolerance attributes
will be measured as in-tolerance.
._ False Reject Risk
4 The probabilitythat in-tolerance attributes will
be measured as out-of-tolerance.
A new ec uation:
High Uncertainty [] High Risk = Low Utility
-- High Cost
Accurate Measurements -- Low Uncertainty = High Utility
= Low Cost
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Risk Consequences
Low Accuracy (High Uncertainty) = High Risk
False Accept Risk
•_ Leads to more out-of-tolerance attributes being
accepted.
• Lowers the overall utility of attributes in use.
._ Factors into the Performance Cost equation.
_ False Reject Risk
, Leads to unnecessary rework of compliant
attributes.
, Factors into the Operating Cost equation.
Cost Implications
, Higher accuracy means
., Better utility
., Reduced operating expenses
., Lower cost
But How Accurate is Accurate Enou hE?
Ill Higher accuracy costs money.
0 Can we calculate return on investment?
O Where's the break even point?
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Return to the Key Question
Can the cost of calibration and testing be traded off against
the cost benefit of high utility?
Obviously, we need to
Q Determine Performance Cost
• The cost of less than maximum utility.
Q Determine the Cost of Accuracy
• The total life cycle cost of a measurement
capability.
Cost of Accuracy vs. Cost of Low Utility
O
O
Performance Cost (Cost of
low Utility)
Cost of Measurement
Accuracy
Total Cost Optimization
Utility Analysis
Risk Analysis
CostAnalysis
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Accuracy Cost vs. Performance Cost
Q Performance Cost
,_ The cost of low utility.
• "Encounter" probabilities.
• Successful outcome probabilities.
• Cost of unsuccessful outcomes.
Q Accuracy Cost
•_ Total life cycle cost of measuring systems
Q Total Cost Optimization
•_ Add Performance Cost to the life cycle cost
equation.
The Cost of Diminished Utility:
Ib Failedmissions. Ill Penalties
Wasted hardware. Ib Warranty expenses
Ih Injury or loss of life. ID Legal fees
Ib Recall and retrofit. Im Lost income
ID Loss of reputation
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Performance Cost Analysis
What does it cost when missions fail, hardware is wasted,
human casualties occur, end items need to be recalled and
reworked, fines are levied for poor performance, warranties
need to be honored, lawsuits are filed, income is lost from
inactive systems, or reputation suffers?
Cost of "useless" hardware
. In the event that hardware is used, what does it
cost if Utility = O?
Q Probability of a hardware application ...
• Threat encounter
•_ Critical application
. etc.
Q Probability of a successful outcome if Utility = 1
•_ If systems perform as intended, what is the
probability that the outcome will be successful?
4 Stable orbit
4 Successful re-entry
J etc.
1. Utility Anal_,,sis:
ID Relate utility to performance.
0 Relate performance to attribute values.
0 Relate utility to attribute values.
I_ Relate utility to Performance Cost.
I_ Relate attribute values to Performance Cost.
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The Decision Risk Analysis Process
Utility Analysis
•_ Model utility vs. attribute value.
•_ Estimate probability of application.
•_ Estimate probability of successful outcome, given
maximum utility.
•_ Estimate cost of unsuccessful outcome
(Performance Cost).
,_ Model Performance Cost vs. attribute value.
I II IIII IIIIIIIII1"1' I 'l'r
2. Risk Analysis: 3. Cost Anal,isis:
I_ Relate attribute value
distribuUons to
measurement accuracy.
Ib Analyze measurement
decision risk.
lid Relate measurement
decision risk to calibration /
testing Life Cycle Cost.
Compare Life Lycle Cost
vs. Performance Cost.
ql Minimize total cost.
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The Decision Risk Analysis Process
Perform measurement decision risk analysis
• Construct a "pre-measurement" attribute value
statistical distribution.
•_ Analyze False Accept and False Reject risks.
,, Construct a "post-measurement" attribute value
statistical distribution.
,_ Compute the expected Performance Cost for the
post-measurement distribution.
Q Perform the total cost analysis
•_ Calculate the total life cycle cost for calibration /
test systems.
,_ Compare life cycle cost against the expected
Performance Cost.
• Evaluate the return on investment.
,_ Repeat the process until the utility cost benefit is
equal to life cycle costs. This is the break even
point.
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Procurement
Eval and Verification
Inventory
Unit Price
Start Up
Shipping
"13me
Operation
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Operator Data Closure
Calibration Refurbishment
Maintenance Waste Disposal
Engineering Resale
Instructor
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Life Cycle Cost Analysis
The cost of accuracy is determined through an analysis of the
total life cycle cost of the measuring system.
....iiiii!ii!!!iiil
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Total Life Cycle Cost Optimization
Q Include Performance Cost as a Life Cycle cost
element.
Q Evaluate the cost of no._.!tprocuring on the same
footing as the cost of procurement.
Q Evaluate the cost of no._ttimproving accuracy in the
same way as the cost of improving accuracy.
Measurement Decision Risk Process
Specify Subject Parameter
O Identify the artifact or device being measured (subject unit) and
the parameter being measured (subject parameter). Enter
administrative, identification and technical data as appropriate.
Specify Measuring Parameter
O Identify the artifact or device performing the measurement and
the measuring parameter. Enter administrative, identification
and technical data as appropriate.
Analyze Uncertainty
O Enter data needed to determine the measurement process
uncertainty. Analyze uncertainty and select appropriate options.
Analyze Risks
O Establish a baseline measurement risk and compute the risks
involved in measuring the subject parameter with the MTE
parameter. Select options for storing data and analysis results
and for printing reports and plotting graphics.
Subject Parameter Specification
Subject Unit Identification
E] Different users may require unique sets of specifications for the
same manufacturer model.
Q Note the recall interval. This is the interval for recalling the item
for periodic test or calibration.
Subject Parameter Identification
Q In-tolerance percentages may vary from application to
application (i.e., from user to user).
El Note the calibration interval. This is the interval between
periodic tests or calibrations of the subject parameter. It may
differ from the recall interval.
I_1 For subject parameters, the % In-Tolerance at Test or Cal refers
to the end-of-period (EOP) in-tolerance percentage.
Subject Parameter Tolerances
I_ Tolerances can be two-sided, single-sided upper, single-sided
lower, symmetric or asymmetric. Tolerances may be called out
in different units than nominal values.
Q Subject parameter tolerances are used to define subject
parameter bias uncertainty and to bound acceptable parameter
values.
Measuring Parameter Specification
Measuring and Test Equipment (MTE) Identification
As with subject units, different users may require unique sets of
specifications for the same manufacturer model.
Measuring Parameter Identification
Again, in-tolerance percentages may vanj from user to user.
For the MTE parameter, the % In-Tolerance at Test or Cal refers
to the average-over-period (AOP) in-tolerance percentage.
Subject Parameter Tolerances
I_1 Tolerances can be two-sided, single-sided upper, single-sided
lower, symmetric or asymmetric. Tolerances may be called out
in different units than nominal values.
I_1 Tolerances are used, along with in-tolerance percentage, to
compute limits of measurement bias uncertainty.
Uncertainty Analysis
Q Measurement Process Uncertainty sources:
•1, Random error- short term fluctuations during
measurement.
•I, Measurement resolution error- both subject and MTE
parameter.
,O, Operator error - parallax, etc.
•I, Sensor intrusion error - effect of measurement system on
subject parameter values.
q, Subject parameter fluctuation error- intermediate term
fluctuations in the measured quantity.
•I, Ancillary equipment or effects error - bias uncertainty due
to ancillary sources (e.g., temperature, vibration, radiation,
etc.)
Q Estimate each in turn. Include in the total measurement process
uncertainty. Combine with measurement bias uncertainty.
Either factor out or compensate for estimated deviations from
nominal.
Analyze Random Uncertainty
Q
Q
Specify units for measurements and for deviations from nominal.
Enter either a sample of measured values or deviations from
nominal.
Compute relevant random measurement uncertainty statistics.
Emply methods that are statistically valid and are generally
accepted, such as the new ISO/NIST guidelines.
Ancillary Sources of Error
Q Measuring and subject parameter values may be influenced by
ancillary factors:
,$, Temperature
Vibration
=k Stray radiation
=k etc.
Q Identify each ancillary factor and indicate ranges of values that
may pertain during measurement.
Ancillary Sources of Error (cont.)
0
Q
Q
For each ancillary error source indicate either an in-tolerance
percentage or a confidence level for the range (limits) of
ancillary values.
Compute the standard deviation for each source.
Combine the ancillary source standard deviations into an
estimate of their contribution to overall measurement process
uncertainty.
Establish an Acceptable Baseline
[3
Q
Risk Baseline Method
•_ Define maximum allowable false accept and/or false
reject levels.
,_ Identify accuracy ratios that are expected to be
encountered in practice.
•l, Determine subject parameter and measuring parameter
in-tolerance targets for each expected accuracy ratio.
Administrative Baseline Method
,t,
,l,
Define an administrative minimum acceptable accuracy
ratio (e.g., 4:1).
Define administrative in-tolerance targets for both subject
and measuring parameters.
Compute false accept and false reject risks associated
with the administrative accuracy ratio and in-toleraoce
targets.
Risk Analysis
E3
Q
Q
Establish an acceptable risk baseline.
Enter data on tolerances, in-tolerance percentages and measurement
uncertainties.
Compute risks:
•_ False Accept - The probability of obtaining an in-tolerance result
when measuring an out-of-tolerance parameter.
• False Reject - The probability of obtaining an out-of-tolerance result
when measuring an in-tolerance parameter.
Evaluate risks. Key on either False Accept or False Reject risk. Compare
against the baseline.
Equivalent Accuracy Ratio - The accuracy ratio that would need to be in effect
under baseline conditions in order to produce the computed risk. A standard
for comparison of risks.
• Useful when tolerances are single-sided. Nominal accuracy ratios
are unobtainable.
• Useful when tolerances are asymmetric. Nominal accuracy ratios are
misleading.
• Userful when in-tolerance percentages are different from baseline
levels.
Q
Q
Impact of Uncertainty on Risks
{3 Although the nominal accuracy ratio is 5:1, the ratio of standard
deviations is (4.78 / 2.68) = 1.78:1.
Suppose an 85% measuring parameter in-tolerance is specified
in the baseline.
• I, Then the standard deviation of 2.68 con'esponds to an
85% confidence limit of 3.86.
•I, The ratio of this confidence limit to the subject parameter
tolerance of 4.95 gives an equivalent accuracy ratio of
1.28:1. (Note that this is nearly equal to the 1.19:1 ratio
computed by AccuracyRatio on the basis of false accept
risk.)
•I, This is considerably smaller than the nominal 5:1
accuracy ratio.
[3
Impact of Uncertainty on Risks (cont.)
El
Q
Not including measurement process uncertainty can lead to a
false picture of risks.
Note that with measurement process uncertainty not accounted
for, the equivalent accuracy ratio appears to be nearly equal to
the nominal 5:1.
OR_tNAL PAGE IS
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Uncertainty Growth Control
[2 Periodic Calibration I Test
Q Statistical Measurement Process Control
Measurement Uncertainty
Growth Control
O Measurement Uncertainty Growth
O Measurement Reliability Analysis
Uncertainty Growth Control
Periodic Calibration and Testing
Statistical Measurement Process Control
1Mh Annual NASA _y & _Hon Workshop
Measurement Uncertainty Growth
Control
o Measurement Uncertainty Growth
• Uncertainty Growth.
•_ Uncertainty Growth Modeling.
Measurement Reliability Analysis
. Reliability Modeling.
• Interval Prediction.
- _ Post-implementation.
•_ Pre-implementation.
•_ Upcoming .analysis technology.
Q Uncertainty Growth Control
•_ Periodic re-measurement
•_ SMPC
X 3
Attribute Value
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Measurement Uncertainty Growth
Q As soon as a measured artifact leaves our hands, the
uncertainty in its value begins to grow. This is due to
•_ Mathematical uncertainties involved in predicting drift.
•_ Stresses encountered during use.
. Other random and / or systematic effects.
Bias Error DistdbuUons
• The uncertainty in the bias error (deviation from predicted
values) is represented by statistical distributions.
Bias Error Uncertainty Growth
•_ The spread in bias error distributions grows with time.
• The in-tolerance probability diminishes with time.
Q Utility Loss
,_ From before, we saw that keeping attributes within tolerance
is synonymous with maintaining high end item utility. _
•_ If in-tolerance probability diminishes with time, then so does
utility.
R(t) = Roe -'_
R( t ) = Roe -(_')'
R(t) = (1 + kt) -I_
R(,)--.e(_/4_
R(,)--._(./,/_÷_o-e-_))
- tkt_.
R(t)= e-'a_ ' _ '
R( t) = e -c_'÷*e)
1
R(t) = --
I+ ex('-p)
Measurement
Reliability R(t)
Time since calibration (t)
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Uncertainty Growth Modeling
c_ Reliability Modeling
. Measurement Reliability = In-tolerance probability.
•_ Since in-tolerance levels diminish with time, measurement
reliability diminishes with time.
,_ The process is modeled mathematically.
c_ Interval Prediction
,, An appropriate reliability model is selected.
,_ Historical clata are usecl to determine the parameters of the
model.
•_ The value of the reliability function is set equal to a =Reliability
Target" (R*).
4 R* is an in-tolerance level that has been established as
acceptable.
,/ R* corresponds to acceptable false accept and false
reject risks.
,_ The test / calibration interval corresponding to R* is solved
for.
\
1. Post-lm 31ementation:
I_ Assemble history data:
Homogeneous groups
-time since last service
Condition received
I_ Construct the measurement reliability time series:
Number calibrated/tested
Number in-tolerance
Resubrnission time
I_ Perform Maximum Likelihood Analysis:
Dog/gem filtering
Reliability model selection
Model fit to time series data
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Measurement Reliability Analysis
Q Post-Implementation
, Historical data consist of a history of calibration /
test results that indicate the in- or out-of-tolerance
status of attributes as received for calibration or test
(Condition Received).
, Data are organized into a Time Series and
analyzed using Maximum Likelihood Analysis.
, Maximum likelihood analysis yields
,, An identification of the appropriate reliability
model.
4 Maximum Likelihood Estimates (MLE) of
reliability model parameters.
., An identification of attributes with significantly
low (dog) or high (gem) reliability.
2. Desi n I Develo3ment:
Three things make a spec:
Tolerance limits
Duration for which limits are applicable
Probability that tolerance limits will be applicable for the
specified duration.
/_ Assemble stabilitydata:
Number observed
Number in-tolerance
Duration
Treat as calibration/test history:
Construct the time series
Perform maximum likelihood analysis
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Measurement Reliability Analysis
Q Pre-lmplementation
• Attribute stabilities are sampled or simulated during
design and development.
• =Historical _ data are assembled from sampled /
simulated in- or out-of-tolerance conditions spread
over time.
. Data are organized into a Time Series and
analyzed using Maximum Likelihood Analysis.
. Maximum likelihood analysis yields
4 An identification of the appropriate reliability
model.
4 Maximum Likelihood Estimates (MLE) of
reliability model parameters.
3. On the Horizon"
Model uncertainty growth indirectly.
Construct time series based on
attributes data.
Model evolution of attributes data
times series.
Q Make no direct reference to attribute
tolerances.
Require 30 or more observations to
achieve predictability.
Are usually locked in to in- or out-of-
tolerance judgements at time of
calibration or test.
Directly model uncertainty growth.
Use variables data (measured values).
Model evolution of attn'bute
distributions over time and usage.
Permit tolerancing to achieve desired
measurement reliability levels.
Reach high confidence with less data.
Automatically force consideration of the
third spec requirement:
Probability that limits will be applicable for
the specified duration.
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Measurement Reliability Analysis
Q Current Methodology
+ Reliability models are inferred from in- or out-of-
tolerance (attributes) data. These data reflect an
underlying uncertainty growth process.
. The evolution of the time series is mathematically
modeled.
. 30 or more observations are needed per time
series.
,_ Tolerances are embedded in the data.
Q Emerging Methodology
+ Uncertainty growth is modeled directly from
measured attribute values.
+ Trial tolerances can be imposed to see their impact
on measurement reliability.
+ Fewer observations are required to infer the
uncertainty growth process.
-_ _.... q ' ,
A Ma_ Cost Driver:
Im Establish reliability targets.
,fD Analyze calibration / test intervals.
ill Calibrate / test periodically
ID Use SMPC.
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Uncertainty Growth Control
Controlling uncertainty growth is a major cost driver in test
and calibration programs.
Intervals that are too long generate excessive risks.
Intervals that are too short generate excessive cost.
Uncertainty growth is controlled in two ways:
Q Calibrate I Test Periodically
•_ Establish Reliability Targets
., Analyze measurement decision risk to
establish optimal reliability targets.
•_ Analyze Calibration / Test Intervals
., Obtain MLE model parameters and predict
intervals that correspond to reliability targets.
•_ Calibrate / Test Periodically
o Apply Statistical Measurement Process Control
......................................................................................... n**,,.....,.r
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Use a priori knowledge and measurement results
to evaluate the accuracy of the measuring
system along with the subject attribute,
A pr/or/Knowledge
. Every measurement is approached with some up-front
"knowledge" of accuracies...
4 Whether the measuring system is more accurate than
the subject attribute.
4 A "history" of measurement results.
._ Some feel for measurement stability.
._ etc.
Statistical Analysis
._ Use ISOINIST methods to place a pr_o_iknowledge on a
statistical footing.
. Treat measurement results (readings, outputs, nominal
values, etc.) as random variables that estimate the "true"
value of the measurand.
. Combine a pr_ori knowledge and measurement results to
obtain statistical best estimates:
./ Subject and measuring attribute biases, confidence
limits and in-tolerance probabilities.
+10
UUT MTE
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Non-Statistical Control
Q
El
Q
The measuring system (Measuring and Test
Equipment) is treated as an "authority."
Corrections are applied to the subject attribute (Unit
Under Test).
The UUT is judged in- or out-of-tolerance by the
MTE.
UUT MTE
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Statistical Control
Q
Q
The measuring MTE is treated as just another
measuring system.
Corrections are applied to bot...._.ht e UUT and the
MTE.
Q The UUT and the MTE are judged in- or out-of-
tolerance by the set of measurement results and a
priori knowledge.
Q
Q
Q
Q
i , , ii , i ,lllllllrn
Use a priori knowledge of MTE and UUT accuracies.
Calibrate the UUT(s) with the MTE(s).
Intercompare measured values statistically.
Estimate in-tolerance probabilities for UUT(s) and MTE(s).
Estimate biases (errors) for UUT(s) and MTE(s).
Apply correction factors to UUT(s) and MTE(s).
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The SMPC Procedure
A_.p__proachthe Measurement Process with...
Q
Q
IliHn I I I I
Calibration I test historical data.
"Reasonable" assumptions based on engineering
analysis.
Known uncertainty growth rate and Ume since prior
calibraUon I test.
Virtual measurement.
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a priori Knowledge
Something that accompanies all measurements.
Q Calibration I Test History
• Bias uncertainty growth rates.
Q Engineering Assumptions
• Inherent stabilities and physical attribute limitations.
• Measurement process stability.
Q Time Since Calibration I Test
Q Virtual Measurement
• Bias projections based on drift or other
characteristics.
_ Fee_oods Scale 2_
........ _ow_rd's ,Scale 27,_
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Simple Case - One MTE I One UUT
Q Make a single measurement with each device.
Assemble and tabulate what is known.
•_ Measurement results.
,_ A priori =knowledge."
,, Tolerance limits:
,/
Taken from manufacturer specs.
Confidence levels: =Knee-jerk" 95% confidence
often used in statistics problems.
SMPC Results
Q In-tolerance probabilities:
• Given the measurement results and the a prior/knowledge, SMPC is
used to compute in-tolerance probabilities for both UUT and MTE:
•/ UUT: In-tolerance probability = 0.0000
4 MTE: In-tolerance probability = 0.8879
Q Estimated biases:
• Non-SMPC approach: The UUT has a -10 Ib bias.
• SMPC approach:
4 The UUT has a -9.6 Ib bias
4 The MTE has a +0.4 Ib bias.
Q Confidence limits:
• MTE:
•_ UUT:
Measured value - 0.4 Ib _+0.2 Ib
Measured value + 9.61b + 1.0 Ib
Note that, although no extemal standards were used, an in-tolerance probability, a
bias estimate and confidence limits were obtained for the MTE as well as for the UUT.
The 88.79% in-tolerance probability for the MTE is less than the a priori 95% level.
Now add a second UUT ...
Q Make a single measurement with the MTE and each UUT.
o Assemble measurement results and a pdori knowledge.
SMPC Results
Adding a 2nd UUT changes the picture. The 2nd UUT sort of agrees
with the first, and, like the 1st, disagrees with the MTE. However, the
MTE is still a pr/or/=more accurate" than either UUT. What can be
inferred from all this?
El
El
El
In-tolerance probabilities:
• The revised estimate for the MTE in-tolerance probability
is lowered by the new results. At the same time, because
the 2nd UUT agrees with the 1st, the in-tolerance
probability estimate for the 1st UUT is increased.
Estimated biases:
• The estimated bias for the first UUT is now smaller, while
the estimated bias for the MTE is larger.
Confidence limits:
• The confidence limits for the first UUT's bias estimate
have shrunk, while the confidence limits for the MTE bias
estimate have expanded.
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Using a Check Standard
Q Now a 3rd UUT is brought into the picture that rivals the MTE for
a pr/ori accuracy. Let's examine the situation so far:
o Both UUT1 and UUT2 more or less agree with one
another.
• Both UUTs disagree with the MTE.
• The tolerances for the 3rd UUT are as tight as the MTE
tolerances.
This suggests an interesting possibility:
• Use the 3rd UUT will as a check standard.
Q
SMPC Results
Q In-tolerance probabilities:
_3
_3
• MTE:
• UUT1:
• UUT2:
• UUT3:
Estimated biases:
• MTE:
• UUT1:
• UUT2:
• UUT3:
Confidence limits:
• MTE:
• UUTI:
• UUT2:
• UUT3:
0.0000
0.0001
0.9779
0.0000
+ 3.7 Ib
- 6.3 Ib
- 4.3 Ib
- 3.3 Ib
Measured value - 3.7 Ib + 0.5 Ib
Measured value + 6.3 Ib + 0.7 Ib
Measured value + 4.3 Ib + 0.7 Ib
Measured value + 3.3 Ib _+0.5 Ib
Both the MTE and the check standard are likely to be out-of-tolerance, given the
measurement results and a pr/or/assumptions. It may be worthwhile to go back and
reexamine these assumptions.
Refining a priori Assumptions
At this point, we go back and re-think what we have to work with.
Reviewing what we know about the MTE and the UUTs yields the
following points:
o The MTE resides in a physician's office. It was acquired about
four years ago and has not been calibrated since. Its in-
tolerance percentage is probably closer to 70% than 95%.
o UUT1 was purchased in 1992. It has been in service for a
shorter time than the MTE but its inherent stability is not likely to
be as good. We set its in-tolerance probability to equal that of
the MTE, namely, 70%.
o UUT2 was recently purchased. Giving the manufacturer the
benefit of the doubt, we leave its in-tolerance probability at
95%.
o UUT3 is owned by Wendell, a metrology engineer with a
passion for accuracy. Wendell meticulously calibrates his scale
with a set of reference weights directly traceable to NIST. We
set his in-tolerance probability at 99.73% (3 sigma).
Revised SMPC Results
Revising the a priori assumptions has produced some interesting
consequences:
o UUT3 has indeed become Ugold-plated."
o In-tolerance probabilities have been considerably revised.
o Estimated biases for UUTs I and 2 have diminished, while the
MTE's estimated bias has increased.
o The MTE's confidence limits have expaned, while the confidence
limits for the UUTs have contracted.
o Conclusions:
• It looks like a recalibration of the MTE is definitely
overdue.
• UUT1 and UUT2 seem to be within spec with high
probability.
• UUT4, the gold-plated check standard, has an estimated
in-tolerance probability that is much lower than the a priori
value of 99.73%.
o Is there something that has been left out?
Multiple Measurements- Data Sampling
El
[3
El With single measurements, we are unable to estimate random
uncertainty.
Q We have a pr/or/notions about the repeatability of the MTE and
the UUTs, as embodied in their tolerance limits and other
information, but these notions need experimental validation.
Single measurements always leave open the question "is the
measurement representative of the MTE/UUT or is it just a
statistical anomaly?."
Accounting for random uncertainty or parameter repeatability
helps refine confidence limit estimates.
_..d
Multiple Measurements- Summarizing and
Tabulating
O
o
o
The sampled data show that the mean values are not far off from
our previous single measurement values. This is reassuring.
Sample standard deviations are in line with expectations for the
MTE, UUT1 and UUT3.
The sampled standard deviation for UUT2 is admirably low. This
justifies our faith in Bob's scale and its manufacturer.
(Remember, we assigned it a 95% in-tolerance level. If the
sampled standard deviation had been large, we might have
revised this figure downward.)
Multiple Measurements -SMPC Results
o Taking measurement samples has had little effect on the SMPC
results. (This will not always be the case. If any one or more of
the single measured values had been anomalous, it could have
skewed the results.)
o The high level of repeatability for UUT3 has moved its estimated
in-tolerance probability closer to the a priori value of 0.9973, but
not close enough to be believable.
o Given the circumstances, we place a great deal of confidence in
the 0.9973 a priori in-tolerance probability for UUT3. Why is the
SMPC estimate of 0.8443 so low?. Is there another factor that
we haven't accounted for?.
Accounting for Measurand Variability
Up to this point, we have assumed that the quantity being measured
was stable. We now examine this assumption. In the present example,
the following applies:
Q The quantity being measured (the transfer standard) is a person.
o No attempt was made to systematize the measurements with
regard to duration over which the samples were taken (the
sampling period) or to time of day, before or after lunch, etc.
Q The transfer standard eats large meals three times per day (not
counting a late night snack).
From this we conclude:
Q 95% confidence limits of + 31bsin UUT fluctuation uncertainty
need to be included in the analysis.
Accounting for Measurand Variability -
SMPC Results
Including measurand fluctuations in the total uncertainty makes the results more
believable:
The nonconformity of the MTE is not as cut-and-dried as before. The MTE
bias estimate has been reduced.
Blase estimates for UUT1 and UUT2 have increased to values more in line
with their specs and with their measurement samples.
:3 Probability estimates for UUT1 and UUT2 are more "reasonable."
Q Confidence limits for all quantities are expanded, reflecting a level of
uncertainty that we know is more sensible for the kind of measurements being
taken.
The gold-plated standard looks gold-plated again:
• The bias estimate for UUT3 has been reduced.
• The in-tolerance probability for UUT3 is nearly equal to its a priori
value.
All in all, accounting for UUT variability has added a needed touch of realism to the
analysis. As a consequence, the results are considerably more viable and
reasonable.
j •
IIIIIIII .........................................................
_/! SMPC uses UUT measurements to evaluate the MTE
along with the UUT.
External check standards can be used, but are not
required.
Q So, SMPC is useful for evaluating instruments on
extended deployment:
t Refine biases and confidence limits.
Evaluate in-tolerance probabilities.
fm Annu_ NASA_ & Calibration Workshop
SMPC and Extended Deployment
Q Uncertainty Growth Control
• Can supplement or, in some cases, replace
periodic calibration of measuring systems.
. Can supplement or, in some cases, replace
periodic end item testing.
Self-Sufficiency
• Can be implemented without recourse external
standards.
. Can be automated for unattended applications.
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ATE
UUT Measurements
UUT 1 UUT 2 UUT 3 UUT n
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The Customary ATE Configuration
Q Correction Factors
•_ Correction factors are computed as the differences
between ATE and UUT attribute values.
• The ATE controller applies correction factors to the
UUTs.
ATE
UUT Measurements
UUT 1 UUT 2 UUT 3 UUT n
sm saMt _ss _ t _uo. _st_
SMPC ATE Implementation
Correction Factors
• Correction factors are computed statistically as bias
estimates.
• The ATE controller applies correction factors to the UUTs and
to itself.
• The ATE controller computes in-tolerance probabilities for the
UUTs and for itself.
In-Tolerance Probabilities
• A low in-tolerance probability signals a possible need for
external attribute verification.
• A low in-tolerance probability may result in a disconnect of the
subject or ATE attribute from service.
{3 Process Diagnostics
• Significant departures from a priori expectations may signify a
measurement process deficiency.
• Excessively wide confidence limits may signify the same.
Basic Reliability Axiom:
Input
Parallel (redundant) design improves refiability
Output
1_h Anna/NASA Mem_ogy & _don Wort_hop
SMPC Design Implications
Q Basic Reliability Axiom
o Redundant design improves reliability
• The system works (an output is obtained) if one or
more of the redundant components works.
2. SMPC Counterpart:
Parallel (redundant) design improves measurement reliability
MTE.
Measurand
Corrections
iiiiiiii!ii_iiiiiil =
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l MeasurementResult
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SMPC Reliability Counterpart
Q Measurement Redundancy
. The in-tolerance probability (measurement
reliability) of the output result is arrived at through
an analysis of the combined results of redundant
measuring attributes.
• Redundant design improves measurement
reliability.
•_ Virtual (projected) measurements can serve to
"sanity check" the process.
r .. r. " eeoe_
On the Drawinc Board:
lm A genera/methodology
Extending the currently documented math to non-normally distributed
measurements and attribute values.
Q Application software
Modularized analysis applications distributed as dynamic link libraries.
Goal-oriented algorithms for autonomous disconnect of measurement
system outliers.
fe_h Armu_ NASA _ & C_bration w_
SMPC Technology
El Attribute Distributions
• Current tools are tailored to normally distributed
attributes.
• However, general methods have been formulated.
Methodology Implementation
• A prototype "SMPC Analyzer," using current tools,
has been developed as a Windows application.
• A general attribute distribution version is in the inital
design stage.
• Algorithms are under development for making
SMPC decisions in remote environments.
El
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NIST TOUR ITINERARY

NASA Tour Instructions
NIST, Wednesday, April 21, 1993
At 12:10 we will be breaking for lunch. Unfortunately, no bus service will be available, so we
will have to car-pool to NIST. There will.be one 15-passeager NIST van a.va_., le: To _ sure
that the schedule can be kept, plan on leavmg the hotel at 1:00 and follow the divectious on me next
two pages to arrive in front of the Physics B "uil_" g (221). by 1:.20 to m_t the To_ur _'_G__ ,_Y_uthis
will be _.by them to the tour stops rougmy _g to me scneam¢ gtv_ on p ____., _th e
set of instructions. There will be shuttle _on between _top .t ana _wp z occau_ o
distance. There will also be a van shuttling between the Physics Building (Stop 7) and Stop I.
The rest of the tour can be done totally in doors. Tea rain .utes have _ _1.o t__ _ .m___ __ _ 7
between stops. In most cases, this will only take a few minutes, but me _ _ suap_
and 1, and stops 2 and 3 are such that at a brisk walk they each take about seven minute.s to
negotiate. Please try to leave the stops at the scheduled times and stick together.
Note that the "A" corridor of the general lalxratmy buildings (Metmlogy, Physics, and
Technology) is on your fight as you face the building f_om its parking lot, and the "B" corridor is
on your left. If you become displaced, call Denise Prather on ext. 4221 for help.
In any emergency, call 2222.
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D_ons m NIST:
Oo out to Shady Grove Road. Turn left (west). an .dright on Key West.A.venue.(secondh_ght).
Turn right on Crreat Seneca Highway (third major mtcrsecuon). I urn ngm again on to Muooy
Branch Road at the second intersection. Follow Muddy Branch turning left into the seco_
entrance into NIST (Oate F). You will be on East Drive. Continue up the hill, past the ponds on
your right, and turn left at the first place you can. You will be on South Road. Go along South
Road and take the first right. You will then pass the TRF Building on your left and approach the
Physics Building ahead on the right. Park where you can in front of the Physics or TRF buildings
and assemble in front of the Physics Building to meet the Tour Guides.
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Group A starts at Stop 1 m Synchronized Ultraviolet Radiation Facility (SURF II)
Loc_tion: Radiation Physics Building, D05
Guide: Bob Dragoset or Bill Ott
Group B starts at Stop 2 m Detector Characterization for GOES Weather Satellites
Location: Technology Building, Room A354
Guide: Barbara Belzer
Group C starts at Stop 3 -- A BIVD Bridge to Support the NASA Zeno
Experiment
Location: Metrology Building A153
Guide: Arnold Perrey
Group D starts at Stop 4 m Hardness Indenter Calibrations and Surface Finish
Location: Metrology Building A 026
Guide: Brian Scace
Group E starts at Stop 5 -- Vacuum, Low-Pressure, and Leak-Rate Standards
Location: Metrology Building, Room A40
Guide: Dick Hyland
Group F starts at Stop 6 m Low Background Infrared Calibration Facility
Ixr, ation: Physics Building, Room A026
Guide: Jack Hsia
Group G starts at Stop 7 -- Transient Pressure Standards
Location: Physics Building A012
Guide: Paul Boynton
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Stop 1 -- Synchronized Ultraviolet Radiation Facility (SURF II)
Presenter:. Robert Madden
Location: R_fiafion Phy_cs Building, D05 (rake elevator w fi_t sub basement-
SURF H is an electron storage ring, chelating electrons at an elecu'on en_gy of _0 Mzv. k is
u_d as a source of continuum nu_fion _ wav_en_ls fi'om the v_ble _ re,on down _ 4
nmin _e soft X-ray re,on. Ithas a p_k ou_ut in the 10- 15 nm re,on. The"iighf' fi'om
SURF H _ u_d to cLny out a vafieW of __ in mom_molecu_ phydcs and sofid-
phy  , m, ,1 g in
su_rvondu_W, ca_ys_, _d m_fi-layer opfi_fl dewces, the n_on n'om _ut_ tt xs
v_y accm-a_ly c_cu_bl_ and th_ore SURF H is used to nufiome_caUy cafibr_e _ace
expefimen_ in the auach_ NASA Spec_ome_ Cafibrafion Fadfi_.
_i__i____i_i___i_ii_i__
Stop 2 -- Detector CharaCterization for GOES Weather Satellites
Presenters: D. G. Seiler and J. _ Lowney
Location: Technology Building, Room A354
N_T has aided NOAA in ev_lua_g im GOES weafl_er sa_fi_ _ p_onmng a numb_ of
measuremen_ _n the HgCdTo _ _u_tc_ u_d in the sa_lliw._ Some of the __ u_d
in early sa_ performance _ showed 1o_ of de_cfi_W over time. N_ST has con_d to
• e _solufion of rids problem by: 1.) inv_figafing the packa_ng _d bonding pm_du_ m_ in
mandacmfing _ese &recurs; 2.) u_ng hi_fie_ ma_eto-Uangx_ meas_ts and th_
modelling _ characterize the accum_afion layers _at reset firm surface passivafio_ and 3.)
developing _st s_ucmre meth_olo_ for qu_ll W con_ol during processing.
iiillllllillliOllllilliill iOlllli !! II ill il i II il ill iN ill i ill ll il Jill
Stop 3 -- A B_D Bridge to Sup_rt the NASA Zeno Experiment
Presenter:. Svetlana Avramov
Location: Me_olo_ Bu_fing A153
Zeno is a microgravity fluid dynamics experiment scheduled to fly on the space shuttle in 1994.
For the past three years, NIST staff have been working with Bob Gammon and Svetlana Avramov
at the UmversiW of Maryland to support the mdu_ve voltage _v_ers u_d in _h ex_ment A
b_m7 indu_ve _der _F_D) _dge was dev_o_d _ N_T and a_d _ _.t the._ff_n__
fineafi W o f the FVDs u_d in the Zeno engineering and _ght mode. The onoge, me results oz
_e W_, and a me_od of decom_sing lmeadW errors w_ _ de_db_
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Stop 4 -- Hardness Indenter Calibrations and Surface Finish
Presenter:. Fred Rudder and Tom McWaid
Location: Metrology Building A 026
The measurement of microform is taking place in this laboratory. In particular, we are developing
a calibration system for measuring the radius, flank angle, and other parameters of hardness
indenters. The quality of these indenters is crucial to the accurate measuten_nt of the hardness of
materials. We arc also showing a tunneling microscope for the measurement of surface finish to
the sub-nanometer level.
ji_j_j_i_i_j_j_ji_j_i_j_jij_ii_jii_j_jj_i_i_i_i_i_iij
Stop 5 -- Vacuum, Low-Pressure, and Leak-Rate Standards
Presenter:. Charles Tilford
Location: Metrology Building, Room A40
Until recently there has bcen a gap between NIST high-vacuum and low-pressure standards. This
gap has been closed with the completion of the Transition Range standard and further
improvements are underway with the development of an ulWa._nicoilmanometer. Thcse
standards will be an important part of a new NASA-sponsored program to develop improved
low-pressure trtmsfer standards. There has also been considerable progress in the development of
leak standards and calibration facilities, including the development of a leak comparison system of
the type that has been delivered to the Kennedy Space Flight Center. These standards and systems
can be seen in the Vacuum laboratory, which also houses the NIST high vacuum and ultra high
vacuum primary standards and calibration facilities.
Stop 6 -- Low Background Infrared Calibration Facility
Presenters: Raju Datla and Steve Lorentz
Location: Physics Building, Room A026
sensors are used throughout NASA and DoD for a wide range of applications including
Earth resource monitoring and ballistic missile defense. These sensors must be calibrated to ensure
measurement accuracy and manufacturer compliance with specifications. The Low Background
Calibration Facility 0..,BIR) was developed to provide a reference calibration and furnish
leadership for research and development in infrared measurements. A companion facility has been
developed to provide accurate measurement services required by industrial customers in, for
example, the photographic and lighting industries.
2
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Stop 7 -- Transient Pressure Standards
Presenter:. Vern E. Bean
Location: Physics Building A012
NIST is developing the capability to. c_.'y th.e a_, .u_. y of .ffansdu. +.c_s .¢_. for the measm_.
of transient pressure. This new, nanonal stan o._.a, wm _ .muq.ue m m_tt_.oa__on_a...mo shock
leve nrimarv standard for transient pressure., tins stanaam wm oc rcmuxQ m a _ talV_,,, ._/.
__el.._... -- • • " fions
tube which will serve as the reference for the calibration of transducers. The laboratory reattza
of both the primary and reference standard will be discussed at this tour stop.
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Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California
Acceleration MAP Progress Report
April 22, 1993
k
v Prepared by
Miguel Cerezo
Jet Propulsion Laboratory
Instrumentation Section
Sixteenth NASA Metrology and Calibration Workshop
Rockville, Maryland
In 1989, the NASA Metrology Working Group implemented an Acceleration
Measurement Assurance Program (AMAP) in order to allow each center to
assess the quality of accelerometer calibrations being performed by their
respective calibration laboratories. This report presents the data which has
been submitted to the program during the time period between May 1992 and
March 1993. Included is a detailed compilation of the transfer standard
frequency response measurements and an interlaboratory comparison analysis
of the 100 Hz pick-up sensitivity measurements which have been performed by
the participants. Additionally, possible sources of bias measurement errors,
which have surfaced in some of the AMAP data, are discussed.
Expansion of the AMAP includes the capabilities to perform Low Frequency
Low Amplitude and one G and lower DC calibrations. Future expansion of the
AMAP may include microgravity, transportation shock, and pyro shock
calibrations.
INTRODUCTION
The Jet Propulsion Laboratory has been assigned the responsibility for
developing and conducting an acceleration measurement assurance program
(AMAP) and serves as the pivot laboratory for the project. The purpose of the
AMAP is to provide a dependable and cost effective method for participating
NASA installations to assess the quality of measurements made for
accelerometer calibration. The following are just a few of the benefits that result
from participation in this program:
1) Provides NIST traceability.
2) The possible discovery of bias and precision errors which may
have been previously undetected.
3) Allows participating centers to quantitatively assess the
measurement errors associated with their accelerometer
calibration systems and procedures.
4) Allows NASA to gain an understanding on the quality of
accelerometer calibrations being performed on an agency-wide
basis,
The method of implementation for this MAP is the "hub of the wheel" concept. In
this way, two transfer standards are paired and shipped from JPL to the
participating facilities and back to JPL after the test. This method provides
various benefits such as facilitation of the formulation of Youden diagrams,
multiple test runs for data confirmation, periodic reinspection of the equipment
to ensure no damage had occurred in transit, and also the ability to accumulate
data in a progressive fashion throughout the MAP cycle.
PARTICIPANTS
The following is the list of current AMAP participants:
Dryden Flight Research Facility
Goddard Space Flight Center
Jet Propulsion Laboratory
Johnson Space Center
Kennedy Space Center
Langley Research Center
Lewis Research Center
Marshall Space Flight Center
Stennis Space Center
AMAP OVERVIEW
Each center was shipped two Endevco model 2270M8 transfer standard
accelerometers along with instructions to calibrate them as though they were
test units. Special mounting instructions were also provided, but no information
regarding the accelerometers' sensitivity or frequency response was given
other than that which can be obtained from the manufacturer's specifications.
The AMAP concentrates on two specific
measurements. These are:
accelerometer calibration
1) The single point sensitivity in pC/g, to four significant figures, using
a frequency of 100 Hz at an acceleration level between 2 and 10
g.
2) The frequency response curve. Participant data was presented to
JPL as a plot or table of percent deviation or sensitivity versus
frequency. Any range between 5 Hz to 10 KHz is acceptable.
As part of the AMAP, the four transfer standard accelerometers were sent to the
National Institute of Standards and Technology (NIST) for calibration. The
estimated uncertainty of the NIST sensitivity calibrations is + 1% of reading at
100 Hz. This uncertainty is based on interferometric measurements and is
considered to be an absolute calibration. The NIST frequency response
measurements have an estimated uncertainty of :!: 2% from 10 Hz to 50 Hz, +
1% from 100 Hz to 2500 Hz, and :t:2% from 2500 Hz to 10 KHz.
The NIST calibrations are used as guide-lines for the estimated uncertainties of
the transfer standards and are used for comparison purposes only. Ultimately, it
is the responsibility of each NASA participant to determine whether or not their
particular accelerometer calibration requirements are being satisfied. These
comparisons are merely a tool which may aid them in this process.
FREQUENCY RESPONSE MEASUREMENTS
An analysis of the frequency response curves submitted by each of the nine
participating centers is presented in figures 1 through 9. These plots show the
deviation (in percent) between the participants' frequency response
measurements and those performed by NIST. The bold lines indicate the
estimated limits of uncertainty of the AMAP standard calibration which is based
on the quoted NIST uncertainties. The serial number corresponding to the
transfer standard accelerometer which was calibrated is indicated to the right of
the graph.
DFRF
The Dryden Flight Research Facility has participated in the AMAP by calibrating
all four of the transfer standard accelerometers between the frequency range of
30 Hz to 5 KHz. The four curves are repeatable to within approximately 0.5%
and are within the estimated uncertainty limits of the AMAP transfer standards
throughout most of the calibration frequency range. (Figure 1). A bias of
approximately 0.8%, with respect to NIST, is exhibited in the plots and the
curves begin to drop off at approximately 3 Khz.
GSFC
Due to time constraints, the Goddard Space Flight Center was only able to
calibrate two transfer standard accelerometers as part of their participation in
the AMAP. These two calibrations spanned the frequency range of 10 Hz to
1700 Hz and exhibited a flat response. Both calibrations submitted by GSFC
show an offset of approximately -0.7% from the NIST calibrations. However,
the frequency response curves are within the NIST uncertainty limit throughout
the frequency range (Figure 2). Furthermore, the level of repeatability between
the two calibrations indicates that precision errors and errors associated with
drift in calibration, of the electrical components which make up the calibration
system, are minimal.
JPL
The Jet Propulsion Laboratory has participated in the AMAP by calibrating all
four of the transfer standard accelerometers between the frequency range of 10
Hz to 4 KHz. These four calibrations are approximately 0.4% lower in sensitivity
than the NIST values for the accelerometers at 100 Hz (Figure 3). At 2000 Hz,
the JPL response curve shows a sharp drop as compared to the NIST high
frequency sensitivity measurements. Some factors which might cause
deviations from a straight line at high frequencies are the use of an isolating
stud with the sensor, burrs on the armature head of the shaker, or problems
associated with high frequency filtering of the calibration system.
JSC
Johnson Space Center participated in the AMAP by calibrating all four transfer
standard accelerometers. The frequency response data is within the NIST
estimated uncertainty limits between the frequency ranges of 30 Hz-50 Hz and
2.5 kHZ-10 kHz but is not within the NIST uncertainty between the range of 50
Hz-2.5 kHz (Figure 4). Analysis of the AMAP data indicates that a bias (with
respect to NIST) on the order of + 1.5% is present in the JSC accelerometer
calibration system. In reviewing the 100 Hz pickup sensitivity data, we find that
the JSC measured value for accelerometer JA71 is approximately 1.4% higher
than that which was measured at NIST. For accelerometer JA62, the deviation
is approximately +1.6%. It is possible that this bias error has been passed on to
the JSC accelerometer calibration system by a transfer standard accelerometer
which was used to calibrate the JSC working standard. In order to rectify this
bias problem the AMAP transfer standards, with the NIST calibration data, may
be used to determine the 100 Hz sensitivity value of the JSC working standard
accelerometer. Arrangements can be made so that the AMAP transfer standard
accelerometers may be returned to JSC for these measurements if it is desired.
At 3000 Hz, the JSC response curve shows a sharp drop as compared to the
NIST high frequency sensitivity measurements. Some factors which might
cause deviations from a straight line at high frequencies are the use of an
isolating stud with the sensor, burrs on the armature head of the shaker, or
problems associated with high frequency filtering of the calibration system.
KSC
As part of their participation in the AMAP, Kennedy Space Center calibrated all
four transfer standard accelerometers. The KSC frequency response curves are
within the transfer standard uncertainty limits except for the 2500 Hz point on
accelerometer JA62 (Figure 5). Beyond 6 KHz, the repeatability of the curves
tends to decrease and approaches a dispersion on the order of +1.5% at 8 KHz.
A thin coating of light lubricant or acoustic couplant at the base of the transfer
standard accelerometer may help to increase the precision of the KSC
measurements at the higher calibration frequencies.
LaRC
Langley Research Center calibrated four transfer standard accelerometers as
part of their participation in the AMAP. Two calibrations span the range from 10
Hz to 10KHz and two additional calibrations were performed in the frequency
range of 30 Hz to 10 KHz. The four curves are repeatable to within 0.5% and
are all well within the estimated uncertainty limits of the AMAP transfer
standards (Figure 6). The calibration curves show a slight increase in response
at 2000 Hz where the accelerometer sensitivity rises as it approaches
resonance. This could be due to a combination of the AMAP and working
standard accelerometer responses on the calibrator and is considered normal.
LeRC
As part of their participation in the AMAP, Lewis Research Center calibrated all
four transfer standard accelerometers. Below 5 KHz, the LeRC frequency
response curves are within the transfer standard uncertainty limits except for the
50 Hz point on accelerometer JA71 (Figure 7). Beyond 5 KHz, the repeatability
of the curves tends to decrease and approaches a dispersion on the order of
:1:5% at 7 KHz. This large deviation at high frequencies may be caused by a
system resonance lower than the 40 KHz accelerometer resonant frequency. A
low system resonance could be caused by defective mounting studs or
armature heads which are made of soft metals such as aluminum or a shaker
armature suspension which has lost some of its rigidity. Also, the wrong type of
electrical filtering on the output of the working standard accelerometer could
cause this effect.
MSFC
Marshall Space Flight Center calibrated all four transfer standard
accelerometers during this phase of the AMAP. The MSFC frequency response
curves are within the transfer standard uncertainty limits except for the 50 Hz
point on accelerometer JA71 (Figure 8).
ssc
Stennis Space Center participated in the AMAP by calibrating two transfer
standard accelerometers. Further participation by SSC was delayed due to the
fact that new personnel are being trained to perform accelerometer calibrations.
The frequency response data submitted by SSC is within the NIST estimated
uncertainty limits between the frequency range of 10 Hz - 50 Hz but is not within
the NIST uncertainty limits between the range of 50 Hz - 1000 Hz (Figure 9).
Analysis of the AMAP data indicates that a bias (with respect to NIST) on the
order of + 1.5% is present in the SSC accelerometer calibration system. In
reviewing the 100 Hz pickup sensitivity data, we find that the SSC measured
value for accelerometer JA78 is approximately 1.3% higher than that which was
measured at NIST. For accelerometer JM63, the deviation is approximately
+1.6%. It is possible that this bias error has been passed on to the SSC
accelerometer calibration system by a transfer standard accelerometer which
was used to calibrate the SSC working standard. In order to rectify this bias
problem the AMAP transfer standards, with the NIST calibration data, may be
used to determine the 100 Hz sensitivity value of the SSC working standard
accelerometer. Arrangements can be made so that the AMAP transfer standard
accelerometers may be returned to SSC for these measurements if and when it
is desired.
YOUDEN DIAGRAMS
A Youden diagram is a statistical tool which is widely used to graphically
represent and analyze interlaboratory comparison data (Youden, W. J., 1969).
Essentially, Youden diagrams are formed by setting up a scale on the X axis of
a Cartesian plot which will cover the range of measured values for one transfer
standard and repeating the process for another transfer standard on the Y axis.
The results reported by each participating center, for both transfer standards,
are used to plot a point on the graph. There will be as many points as there are
reporting laboratories.
Analysis of the interlaboratory comparison data is achieved by adding four key
elements to the Youden diagram (Conroy, B. F., 1991). First, the median of the
measured values submitted by each participant, for both transfer standards, is
calculated and a line is drawn through the median value perpendicular to the
correspondin_ axis. The next element is a 45 degree tangent line which is
drawn through the intersection of the median lines. An uncertainty circle, of
radius three times the standard deviation of the measured values used in
calculating the median, is also added to the Youden diagram. For comparison
purposes and to assess the accuracy of the measurements submitted by each
of the participating centers, NIST data is included on the graph. The NIST point
is shown as an asterisk and the error bars associated with the point is the NIST
estimated uncertainty and is independent of the group mean.
Based on the information given by the Youden diagrams developed from the
data submitted for evaluation as part of the AMAP, it is possible to quantitatively
assess the errors associated with the accelerometer calibration systems and
procedures utilized at each of the participating NASA facilities. These Youden
diagrams, which are based on the 100 Hz accelerometer output sensitivities of
the AMAP transfer standards, can be found in figures 10 and 11. Since not all
of the centers were able to participate in each of the four rounds of the AMAP,
some centers are more represented, in the plots, than others.
AMAP ERROR ANALYSIS
The two components which make up a calibration laboratory's total
measurement error are known as precision errors and bias errors. Precision
errors result from the inability of a given laboratory to make precise, repeatable
measurements and are caused by factors such as calibration drift in the
equipment used to perform the measurements, stability of the environment,
faulty cables and standards, and non repeating operator errors. In reviewing the
Youden diagrams, laboratories whose measurements are primarily influenced
by precision errors will have data points which fall into the upper left and lower
right quadrants and will be far from the 45 degree tangent line. On the other
hand, laboratories whose data point does fall along the 45 degree tangent line
have performed repeatable measurements which are primarily influenced by
bias errors caused by inherent biases in the standards and procedures
employed. In either case, the magnitude of the total measurement error can be
ascertained from the distance between a laboratory's data point and the group
mean.
_IA_2 vs. JA71
The Youden diagram which plots the 100 Hz accelerometer output sensitivity
measurements performed on transfer standard JA62 versus transfer standard
JA71 can be found in figure 10. Seven AMAP participants are represented in
this diagram. Additionally, the NIST data point is plotted for comparison
purposes. All seven of the points representing the AMAP participants fall within
close proximity of the 45 degree tangent line. This fact would indicate that the
participants are performing repeatable 100 Hz accelerometer sensitivity
measurements. Furthermore, five of the seven data points lie within the NIST
estimated uncertainty and no points were outside of the 3a uncertainty circle.
JA78 vs. JM63
Figure 11 shows the Youden diagram which was formed by plotting the JA78
measured sensitivity values versus those submitted for transfer standard JM63.
Nine AMAP participants are represented on this graph. Once again, all of the
points representing the AMAP participants fall within close proximity of the 45
degree tangent line thus providing evidence that the precision component of the
participant's measurement errors are small. Thus, bias errors account for the
majority of the deviation between the NIST measurements and the participant's
measurements. The magnitude of the bias error for each particular participant
is indicated by the distance between the NIST data point and the participants
data points. Seven of the nine participants represented on this diagram fall
within the estimated NIST uncertainty limits and only one lies outside of the 30
uncertainty circle.
V
V
Youden Diaaram Summary
Table 1 summarizes the information derived from the two Youden diagrams
developed from the AMAP data.
Youden
D_gram
Centers With
Predominantly
Precision Errors
JA62vs. JA71 None
JA78vs. JM63 None
Centers With
Predominantly
Bias Errors
All
All
Number of Points
Outside
of NIST Estimated
Uncertainty Limits
2
2
Number of Points
Outside
of 30 Uncertainty
Ck_cle
0
Table 1. Youden Diagram Summary
FUTURE PLANS
At the present time, the AMAP covers only a limited region of the accelerometer
calibration spectrum that JPL and NASA intends to pursue. Funding for these
future efforts will depend on fiscal support from NASA. The regions for future
expansion are listed below:
1) Low Frequency Large Amplitude
2) Transportation and Pyrotechnic Shock
3) Micro G (0.01 G to 10 _G)
Low Freauency Lar_ae Amplitude fLFLA_ Calibration
Installation, integration, testing and verification of the LFLA calibration system is
now complete. The funds allocated for this effort purchased only a portion of the
fully automated and full range calibrator. This procurement is referred to as the
"starter" LFLA calibrator.
Specifications call for a calibrator to cover the range from 0.1 to 200 Hz. The
starter system will cover the range from 1 Hz to 200 Hz. Work is currently
underway to extend the LFLA calibration system's frequency range down to 0.1
Hz and to enhance the system's flexibility. It uses a long stroke (6 in. peak to
peak) shaker. The support equipment has some automatic and some manual
features. All equipment purchased for the starter LFLA calibrator can be utilized
for the fully automatic LFLA and 5 Hz to 50 KHz calibrator. In addition, the
shock calibrator will also use much of this same equipment. This procurement
strategy has been adopted to minimize total costs over the procurement
process and equipment life cycle.
In addition to the 0.1 to 200 Hz frequency range, DC calibrations will be
performed using the earth's gravitational field. This will be accomplished with
the use of a rotary tilt table aligned parallel to the earth's field for 1 G
calibrations and tilted at various angles to the earth's field for lower full scale
calibrations.
AMAP participants will be contacted to determine their requirements for
participation in the LFLA calibration MAP. In addition, a calibration service will
be made available to all users of accelerometers within the amplitude and
frequency range of the LFLA calibration system.
Transoortation and Pyrotechnic Calibration
A request was submitted to the NASA Metrology Working Group for support to
implement a shock calibration system in FY91 and FY92. The funds were not
made available and the request will be resubmitted in FY93. The system will
consist of two calibrators. Transportation shock will utilize a drop tester, and
pyrotechnic shock will use both the drop tester and a Hopkinson Bar calibrator.
The system configuration has not been fully determined at this time, but will use
much of the equipment which was purchased for the LFLA calibrator.
Micro aravity Calibration
Space Station Freedom, the International Microgravity Laboratory, and the
Shuttle program will require greatly expanded calibration capabilities to support
anticipated microgravity experiments. The sensors must be evaluated and
unique calibration methods implemented. If in-flight calibrations are required,
innovative solutions will be necessary to solve the problems. Of particular
concern is the problem of eliminating the necessity of a stable reference for the
calibrator. JPL intends, with the participation of LeRC and MSFC, to seek FY93
funds to pursue the research to provide solutions and purchase equipment to
provide this service.
CONCLUSION
Through this phase of the NASA Metrology Working Group's Acceleration
Measurement Assurance Program the nine participants have submitted thirty
two calibrations which were performed on the four transfer standard
accelerometers used in the MAP. With respect to the frequency response
calibrations, nineteen of the thirty two submitted calibrations were completely
within the estimated uncertainty limits of the AMAP transfer standard
accelerometers.
Youden diagrams were used to graphically display the measured 100 Hz
accelerometer sensitivity data. Based on the information contained in these
plots, it was possible to assess the measurement errors in each of the nine
participating NASA centers' accelerometer calibration systems and procedures.
The total measurement errors can be ascertained from the distance between a
participant's data point and the group mean. The significance of these
measurement uncertainties is left to each center to evaluate. Any center whose
calibrations did not fall within the NIST estimated uncertainty limits and the 3o
uncertainty circle should review this data and determine if their accelerometer
calibration capabilities satisfy their center's requirements.
The Youden analysis of this data set demonstrates a significant improvement
over last year's data in the reduction of the precision errors inherent in the
AMAP participant's measurements. In a previous report (Cerezo, M., 1992) it
was shown that three of the nine centers performed measurements which were
predominantly influenced by precision (or random) errors. This year, there were
none.
A wide variety of accelerometer calibration data has been submitted to JPL for
analysis as part of the AMAP. Through evaluation of this data, several possible
sources of bias errors have been uncovered. These include errors associated
with the polarity of the input signals to the X-Y plotters on calibrators, calibration
drift in the electrical components, and faulty equipment such as cables,
mounting studs and working standards.
Currently, the LFLA portion of the AMAP is operational. Surveys will be
distributed to the AMAP participants in order to determine the requirements of
centers which plan to participate in this phase of the program. Also as part of
the LFLA portion of the AMAP, a low frequency, low amplitude accelerometer
calibration service will be made available to all NASA centers. Additional
expansion of the AMAP may include microgravity calibrations, transportation
shock calibrations, and pyro shock calibrations and are dependent on funding.
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VOLT MEASUREMENT ASSURANCE PROGRAM
1993 STATUS REPORT
Kristen J. Riley
Engineering, Energy and Laboratory Management Branch
John F. Kennedy Space Center
16th Annual NASA Metrology and Calibration Workshop
Rockville, Maryland
April 20-22, 1993
Volt Measurement Assurance Program
Background
Solid-State Voltage References (SSVR) are increasing in populari-
ty and use throughout the NASA environment. Conventional test
service requires each center to obtain and ship transfer stand-
ards to the National Institute of Standards and Technology (NIST)
for comparison. This is a costly and time consuming process.
Measurement Assurance Programs (MAPs), which establish traceabil-
ity to NIST and validate the measurement process by which field
installations obtain and document traceability to national stand-
ards, are being developed as an alternative to the conventional
test service. NIST has developed various MAPs for which NASA
participates. However, NIST does not offer a MAP service for
SSVRs. The need for an automated measurement system capable of
establishing, maintaining, and disseminating the Volt at the i0
volt level internal to NASA was required for improved laboratory
operations and measurement processes, with cost savings and
shorter turnaround times.
The NASA Volt Measurement Assurance Program was developed with
automated capability to maintain the NASA legal representation of
the U. S. volt using a 10 volt solid-state source to ensure
measurement traceability between field installations. Two pivot
laboratories were established, one at Kennedy Space Center and
the other at Ames Research Center, with identical automated sys-
tems and software. MAP procedures were developed and distributed
to the participating field installations, and pivot laboratory
traceability to NIST was established.
v
Status
The Volt MAP is currently operational with eleven field installa-
tions participating. Validation of each installation's measure-
ment process including procedures, test equipment, data analysis,
laboratory environment, and personnel is in progress through this
MAP. Both the installation's calibration error and differences
between installations have been quantified, NASA's dependence on
NIST has been minimized, and the NASA metrology infrastructure
has been enhanced through cooperative activity. The enclosed
graphs show the drift rates of solid state voltage references for
participants involved with the east coast pivot laboratory.
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NASA JSC FIBER OPTIC M_ASUREMENT ASSURANCE PROGRAM CFOMAP) STATUS
UP TO MARCH 1993 V
NASA JSC FOMAP activity during the past year has centered around
participant testing. The two orlginal participants, Kennedy
Space Center (KSC) and Dryden Flight Research Center (DFRC), have
been provided the transport standard for their measurement and
use and have supplied data to the FOMAP database.
Early this calender year, the Jet Propulsion Laboratory (JPL)
elected to become the third FOMAP participant. They will be
given the normal transport standard power meter plus two fiber
optic source instruments to augment the package. Preparations
for shipment are essentially complete. The package will most
probably be shipped to JPL during the month of March 1993. It is
anticipated valuable data will be collected if the JPL metrology
group can perform a series of tests and characterization
measurements on these commercial sources.
The transport standard instruction manual has been revised and;
hopefully, will be more useful to the program. If the data from
the JPL tests of the sources are favorable, it is planned to
include the sources with the transport standard on a routine
basis in order to incorporate some measurement flexibility for
the participants.
Following the JPL measurements, it is planned to perform a second
round of measurements involving FOMAP PARTICIPANTS beginning mid-
year 1993.
For our local customers we have developed a non-traceable
capability for fiber optic cable length. Our artifact length
standards were certified for length by the manufacturer. This
was done to provide a service the customers needed and we felt we
should develop. The overall JSC fiber optic capability is still
only at the 850nm and 1300nm wavelengths. We have not received
any inputs indicating that a calibration capability at other
wavelengths is required at this time to satisfy any customer
needs.
RTOP REPORTS
k _
LEAK COMPARATOR SYSTEM
KENNEDY SPACE CENTER
STANDARDS LABORATORY
EG&G FLORIDA
ZAN MILLER(407)867-4267
The leak comparator system was desiqned and built
for the Kennedy Space Center Standards Laboratory under
RTOP funding by the National institute of Standards and
Technology. Check standards were calibrated when the
system was set up and our values came within the
uncertainties given for the NIST values. The system is
automatic, and designed to perform calibrations with
minimal operator involvement.
The system is needed in order to provide temperture
dependency information for permeation leaks and to
differentiate between permeation and capillary leaks so
they can be handled appropriately.
The primary standards which provide traceability to
NIST are our standard leaks which are recalibrated
periodically. The system is capable of calibrating
leaks from 10 4 to 10 "'4 moles per second leak rates.
Standards are currently available at 10"', 10"" and 10""
moles per second flow rates. The system compares the
standard with an unknown in the same flow rate decade.
Leaks in decades for which we have no standard can be
calibrated by the closest standard with an added
uncertainty of about 2 percent per decade difference to
account for non-linearity in the mass spectrometer.
The system operates by comparing a NZS'F calibrated
leak to an unknown leak. The comparison is done by
establishing a steady flow through the system and using
m mass spectrometer to measure the amount of helium
present. Software was written to control the data
acquisition and temperature and also the pressure in
the leak reservoir, if needed.
The customer is provided vith the leak type, the
method of flow rate calculation, a table of values for
different temperatures, and an uncertainty statement.
Uncertainty consists of the sum of the uncertainty of
the standard, the uncertainty of the temperature and
pressure measurements and the random uncertainty as
given by the analysis of residuals from fitting the
data to the temperature versus leak rate curve.
Uncertainties are reported at the three sigma level.
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REPORT OF TEST
?
Item Tested: Leak, he_lum (Permeation)
The above ldentizled 1tam vas testeo v_tn rezerence to stanoaros malnta_neO In
the KSC Reference StanOard8 Laboratory. The unlta malntalneo Dy the stsnoaroa
are directly traceable to the Nstxonmi Institute oz Stanoaros anO Technology.
The laboratory temperature ourlng the test yam 2J.e oegrees Ce_slus.
The calibration vas perzormed by comparing the Leak rate o_ the test artlxmct
vlth a NIST calibrated standard Leak art_act ualng a qumdrupoie msas
spectrometer. The standard Leak yam maintained near Z_ degrees Celsius. Tne
temperature dependance was generated by varying the temperature oz the test
Leak _rom 15 ¢o 3_ degrees Celslus. The Leak rate _n moles per second was
caLcuLated using the equatlon _or permeation Leaks
Leak Rate = A.T,e "WT
The coef_lc£ents generated by tills calibration are:
A = 1.3116e-1@ mol/sK B = 30@5 K
LEAK
8C _ scc/s
TEMPERATUkE VS. LEAK HATE
RATE LEAK _ATE
moL/m _ _ scc/s sol/s
1 33.8 1.5_e-08 6.24e-13 26 78._ _._9e-@o 1.7@e-12
2 35.6 1.57e-@8 6.52e-13 27 8_.6 _.24e-@b 1.77e-1_
3 37.4 1.63e-@_ 6._1e-13 28 82.4 4._e-_o 1.83e-12
4 39.2 1.71e-_8 7.11e-13 29 84.2 _._6e-_ 1._@e-lz
5 41.8 1.78e-@8 7.42e-13 3_ _6._ 4.73e-_ 1._7e-12
•mtd cc/s Faders to conditions oz one atmosphere absolute pressure and @
degrees CeLsius. I std cc/i z 4.46x1_'$ moL/s.
Under conditions oz normal usage and storage at room temperature the _eaK rate
o_ an artldsct can be expected to decay. The decay rate o_ this artzdmct %a a
_unctlon o_ usage conditions and storage temperature and may vary.
To optlmlze the overakl accuracy o_ thai 1ten it should be s_ored vlth any
shut o_ valve open. A dust cover say be used to protect the port. The leak
and the system on vhlch it 18 used should be In temperature equzLzbrzua _lth
the environment, and should be pumped _or three hours bedore use.
The estlalte o_ the total uncertainty 2n the measured _eik rate oZ thls
artl_act dur£ng thls calibration tnterva_ ls ±6.7_%. Th_s lncLudea ±4.3k
UnCertainty In the value o_ the standmrd_ z_,_1I random uncertainty zn the
_ov rate and an uncertainty in temperature dependence over the range _-_
degrees Calm%us o_ ±1.67%.
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Measurement Assurance Program Publication
PERFORMING INSTALLATION: Kennedy Space Center
PRINCIPAL INVESTIGATOR: J. P. Riley PHONE NO: (407) 867-4737
FUNDING: FY-94 - $20K
OBJECTIVE:
Provide technical and administrative guidelines for developing,
documenting, implementing, and maintaining Measurement Assurance
Programs within and between NASA Field Installations.
APPROACH:
i. Contract consultant to enhance current draft publication.
2. Review draft through Working Group.
3. Publish and distribute publication.
PAYOFFS:
i. Provides information to NASA Centers on development, opera-
tion, and maintenance of in-house and inter-Center MAPs.
2. Documents traceability to national standards for each MAP.
CUSTOMERS:
i. All NASA calibration laboratories involved with MAPs.
RTOP PROPOSALS
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Phase II of the Volt Measurement Assurance Program
PERFORMING INSTALLATION: Kennedy Space Center
PRINCIPAL INVESTIGATOR: K. J. Riley PHONE NO: (407) 867-4737
FUNDING: FY94 - $75K
OBJECTIVE:
Upgrade pivot laboratory transfer standards and provide automat-
ed traceability to field installations using 10 volt solid state
references.
APPROACH:
i. Select and procure equipment.
2. Perform verification and acceptance testing•
3. Distribute equipment to field installations.
PAYOFFS:
•
•
3.
Delivers a sub parts per million, automated, Agency-wide
volt maintenance program•
Reduces demand for NIST services.
Reduces cost of maintaining volt through automation•
CUSTOMERS:
i. NASA Metrology and Calibration Laboratories•
2. All programs requiring voltage measurements.
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Portable Josephson Junction Array Voltage Standard
PERFORMING INSTALLATION: Kennedy Space Center
PRINCIPAL INVESTIGATOR: K. J. Riley PHONE NO: (407) 867-4737
FUNDING: FY95 - $90K, FY96 - 100K, FY97 - 100K
OBJECTIVE:
The technical objectives are to develop and deliver a ruggedized
self-contained portable J-volt system which can be shipped to
participating field centers for absolute determination of each
center's "volt" as maintained by solid state volt references.
APPROACH:
This project would be a joint venture with the Department of
Energy (Sandia National Laboratory), which is currently engaged
in a J-Volt transport system development program.
i. Define NASA requirements.
2. Initiate a contract with the Department of Energy.
3. Complete system component design and development.
4. Complete system integration, software and procedure develop-
ment.
5. Complete system training and deliver to KSC.
PAYOFFS:
i. Reduced uncertainties from current VMAP.
2. Eliminates turnaround time.
3. Eliminates stability problems with SSVR transportation.
4. Test acceptance of high accuracy DVMs acquired by NASA Pro-
grams.
5. Support development testing of ultra-stable voltage sources
for space applications.
CUSTOMERS:
i. All NASA Metrology and Calibration Laboratories.
2. All programs requiring high accuracy voltage measurements.
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The Johnson Space Center (JSC) Measurement Standards and
Calibration Laboratory (MSCL) is proposing the establishment of a
NASA Capacitance Measurement Assurance Program (CMAP) with the
JSC MSCL as the pivot laboratory.
BACKG_____ROUND - The JSC MSCL was selected to establish and
such a program in 1989.
conduct
It was determined through a detailed measurement process that the
MSCL's standard capacitors were extremel[ temperature sensitive.
That is, the temperature in the capacltor must be known at the
time of capacitance measurements in order to determine the
accuracy and uncertainty of the measurements. It was determined
at that time that a Capacitance MAP was not feasible with the
available equipment. Continuation of the development of a CMAP
was placed on hold pending development of better standard
capacitors or development of better means to measure capacitance.
PRESENT SITUATION - A new capacitance bridge has been developed
and marketed. It has been tested for use as a transport standard
by the National Institute of Standards and Technology (NIST). In
fact, NIST has developed and implemented a CMAP using the new
bridge process. NIST has been successful making measurements of
2 to 3 PPM uncertainty at i000 and i00 pF levels with the new
bridge.
With this in mind, all NASA center metrology programs were
surve[ed to determine their current needs for traceable
capacltance measurements and to assess their desires to
participate in a NASA CMAP. Metrology operations at the Jet
Propulsion Laboratory, the Kennedy Space Center, the Langley
Research Center, the Marshall Space Flight Center, the Stennis
Space Center, and the Wallops Fight Facilit[ all indicated a
desire to participate and listed their speclfic measurement
traceability requirements.
In consideration of this, the MSCL en_ineerin_ staff commenced
performing .capacitance measurement uslng a brldge similar to the
one NIST is uslng In their CMAP operation. The result of this
has been the successful performance of capacitance measurements
within 5 PPM uncertainty at i000 and i00 pF levels.
APPROACH - The following approach will be utilized in developing
and implementing the NASA CMAP:
Phase one will involve purchasing and testing the new Andeen
Hagerling capacitance bridge and two "dummy" capacitors. The
estimated cost of the required hardware is $12.2K.
Phase two will involve; i) obtaining a NIST certification of the
bridge, 2) testing the bridge and "dummy" capacitors for
suitabilit[ as transfer standards, and 3) preparing procedures
for use an performing the transfer measurements if the acquired
bridge and capacitors prove suitable as transfer standards. The
cost involved with the completion of Phase two is estimated to be
approximately $5K during F¥'94.
Phase three will involve; first, confirming the intention of
those centers that initially indicated an interest and a need as
still being interested in participation: second, establishing a
participant schedule: and third, shipping the transfer package to
the first participant. It is estimated that $10K will be
required during FY'95 to adequately operate the CMAP. An
additional $10K will be required during FY'96 to continue the
CMAP operation. From that point, FY'97 forward, the cost of the
CMAP can be assumed by the JSC MSCL as part of the operation of
the next contract.
BENEFITS TO NASA AGENCY - The benefits to the entire NASA Agency
of establishing a CMAP will be as follows:
There will be a direct reduction in the cost of maintaining
traceability of all capacitance measurements made at any of the
participating centers. The cost of a NIST CMAP participation is
approximately $9K. The cost of a direct NIST certification of a
capacitance bridge suitable as a reference standard is $9K. With
a minimum of six NASA centers participating the minimum gross
savings would be $54K. Considering that one center will still be
re__ired to obtain NIST certification of the transport standard
brldge, a net savings of $45K will be realized through the use of
this program.
Also, if each NASA center obtained their capacitance traceability
through the practice of sending standard capacitors to NIST for
direct certification the cost would be $0.5K per frequency.
Typically three capacitors (i000, 100, and 10 pF) are calibrated
at three frequencies. The combined cost is $4.5K per center or
$27K for all six participating centers. This total cost would be
saved if the CMAP Is implemented.
With the implementation of a CMAP, the possibility of damage
caused by transporting each center's capacitance standard,
whether bridge or standard capacitor, to NIST periodically for
certification would be eliminated. Standard capacitors tend to
change in value when they are shipped back and forth to NIST; you
never are sure of the data you have been provided.
Establishing a NASA CMAP will allow for the reception, by five of
the slx centers identified as interested, of a direct
traceability of their capacitance measurements without the
associated costs. Only one center would have to pay the cost of
a NIST CMAP participation and all centers would reap the
benefits.
With an active NASA CMAP, each center's total capacitance
measurement system would receive certification; the
instrumentation, the personnel, and the laboratory environment
would be tested and certified during the MAP process. The MAP
process, by its very nature, opens all participants to confidence
building through intercomparison of measurement system
capabilities; a learning process through information interchange
and technique sharing.
SUMMARY - Establishing a NASA CMAP is just as important as
establishing a DC Volt MAP, a Resistance MAP, and an acceleration
MAP. The benefits will be just as valid and important. The
cost, minimal at best, will be a wise and fruitful investment.
$46.2K invested over a three year peri_, yielding $45K each year
starting with the first year, is a conservative estimate of the
cost of the program and the associated savings to the NASA
budget.
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Mass Measurement Assurance Program
PERFORMING INSTALLATION: Kennedy Space Center
PRINCIPAL INVESTIGATOR: J. P. Riley PHONE NO: (407) 867-4737
FUNDING: FY94 - $10K
OBJECTIVE:
Use proven measurement assurance methods to provide a uniform
basis for mass measurements traceable to the National Institute
of Standards and Technology (NIST).
APPROACH:
I. Procure mass standards and obtain NIST calibration.
2. Develop data reduction software and procedures.
3. Initiate MAP and report results.
PAYOFFS:
i. Provides traceability at required accuracies (6 parts per
million for Shuttle pressure measurements).
2. Reduces demand for NIST services ($6500 annual cost
savings).
3. Reduces NIST turnaround time from 3 months to 1 month.
CUSTOMERS:
i. All calibration laboratories providing mass calibrations.
2. Shuttle program.
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JOHNSON SPACE CENTER MEASUREMENT STANDARDS AND CALIBRATION LABORATORY
RESEARCH AND TECHNOLOGY OBJECTIVE PLAN PROPOSAL
ESTABLISH JOSEPHSON JUNCTION VOLTAGE STANDARD FACILITY AT JSC
REQUIREMENTS FOR AND JUSTIFICATION OF ESTABLISHING THE JOSEPHSON
JUNCTION VOLTAGE STANDARD CAPABILITY AT JSC
The following points are offered as rationale for establishing a
Josephson "J" Junction absolute voltage standard capability at the JSC
Measurement Standards and Calibration Laboratory.
I. Customers of the JSC Measurement Standards and Calibration
Laboratory (MSCL) are purchasing the latest and most accurate
measurement instrumentation available. It has become difficult, if not
impossible, to maintain the NASA required 4:1 calibration accuracy ratio
while calibrating this increasing number of instruments. The Josephson
Junction Voltage Standard would permit adequate accuracy ratios when
calibrating our standards and our customers' instruments.
JSC users include: JSC SR&QA Institutional Safety and Quality Division,
JSC MSCL, JSC Engineering Directorate, JSC Navigation Control and
Aeronautics Division, JSC Crew and Thermal Systems Division, plus
additional new requirements every month.
Additionally, with the "J" Junction, JSC would be in a position to:
a. Furnish all NASA Agency installations access to an absolute voltage
standard between -12 and +12 Volts at an uncertainty of less than
0.I ppm. This could be accomplished as an extension of the NASA
Metrology and Calibration Working Group (MCWG) Measurement Assurance
Program (MAP) for Direct Voltage. With the "J" Junction Voltage
Standard and the MCWG i0 Volt MAP, a test instrument with absolute
voltage calibration could be transferred to the NASA Direct Voltage
Pivot Laboratories as a Voltage Standard. The current NASA Agency
pivot laboratories are the Kennedy Space Center Metrology operation
and the Ames Research Center Metrology operation
Do Furnish absolute linearity calibrations from -12 to +12 Volts to any
NASA field installation requiring this service.
Co Minimize excessive turnaround times and the expense of NIST testing
in obtaining traceability to national standards for all NASA Agency
installations participating in the MCWG MAP.
2. Establishment of a "J" Junction facility at JSC would provide the
following benefits to the total NASA Agency.
a. Our dependence on external NIST certification for Direct Voltage
would, for all practical purposes, be eliminated.
Do JSC would have the capability to test many instruments more
completely to ensure the outstanding linearity specifications of
some newer DVMs; which would, in turn, increase our customer's
confidence in this measurement parameter and; concurrently, in the
total NASA metrology community.
C. This defined Direct Voltage Reference would be available to the
entire NASA community, allowing further cost savings, since the
Direct Voltage Pivot Centers would no longer be dependent on NIST as _-_
their only reference source.
dl
If other NASA Centers find they require a "J" Junction at a later
date, the first hand experlence gained from the JSC "J" Junction
implementation and operation would be readily available to all
interested NASA installations.
3. The first $30K proposed in the RTOP will be used to:
a.
Study and evaluate the cost effectiveness to the NASA Agency for one
center to be the absolute reference source for all other centers for
absolute D.C. voltage, and
b. Perform a study to determine the value-added component, if any, in
implementing an autonomous agency program. And, research the
available market for the hardware and software required to establish
the stated capability.
If the results of a and b immediately above are positive, the $125K
requested in the second FY of this program would be used to purchase all
necessary hardware and software required to establish the stated
capability.
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NIST Electricity Division Research Proposal to NASA
19 April 1993
Quantum Electrical Standards
Intrinsic metrological standards required for space applications.
_: A. F. Clark, M. E. Cage, tLL. Steiner, and E. R. Williams
Introduction: This proposal is to develop the intrinsic standards presently used
at NIST so they can better serve NASA's calibration needs. Included here are
severai research areas in which we believe an increase in our program would be
of benefit to NASA. NASA's input as to which areas should be developed fastest
is a key part of tl-2s proposal. The quantum Hall resistance is a good example.
This intrinsic resistance standard is routinely used in primary laboratories to
obtain better than 0.01-ppm accuracy. A major practical complication comes
from the temperatures presently required to ensure such accuracy (~ 250 inK). :
Increased research on device fabrication should lead to higher operating
temperatures as well as better availability of the present samples.
Technical Background: As flight durations increase and demand for more
accurate measurements increase, the need for electric standards based on
intrinsic standards rather than calibrated artifacts becomes imperative. At
present the Josephson arrays and the quantum Hall resistors form the basis for
the electric units maintained in terms of fundamental constants of nature. The
Fundamental Electrical Measurements (FEM) group of the Electricity Division
has the responsibility to realize these units, in order to start the calibration chain.
Not oray'must we realize these units for calibration purposes, but also we must
apply these calibrations to complex experiments that require the highest possible
accuracy. This proposal outlines several areas_a which we have experience that
will be useful to NASA. Funding for the purpese of improving quantum
standards would be directed according to the specific NASA needs, which will
likely change rapidly as intrinsic standards form the basis of NASA's calibration
program. One specific e ,.ample should help give specific definition to this
proposal. ".....
.3 NMR current source;. In order to measure the $I value of the Josephson volt
z e the value of 2e/h) we are mpa.qurin_ _hp .ql wait_ Jn *_bi_ l_boratory we need
('.., ........... _.I^ a* about the 0.01 r)vm leve, l.JA
ff__current and voltage sources mat are _auL_ =_ ,-.....
Josephson array 1-,as stff:icient accuracy to meet our need, but it is difficult to
connect it directly to an experiment that is clifficult to shield against rf
interference and it is difficult to operate unattended for 24 hours a day. To
provide a better reference we designed a nuclear magnetic resonance-based
current-voltage source. We introduced a new solenoid geometry for producing
magnetic fields. This geometry reduces the problem of background noise and
drifts due to thermal noise. It also allows the use of magnetic materials that were
not allowed or caused problems in earlier nuclear magnetic resonance (NMR)
based current sources. This current standard shows that our new NMR scheme
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has produced a current-voltage source that is comparable to the best zener diode
references. This present current source already has less drift than commonly
used current sources based on mercury battery references. Unlike zeners the
NMR current can be turned off, then on, and retain its high accuracy. At NASA
such a rugged current source could prove very useful. At the same time that we
make a standard we could also measure the vector component of the ambient
magnetic field. (Many NMR systems only measure the total magnitude of the
field.) Exploring further this new current source would be beneficial to NASA.
Listed below are several other areas that the FEM staff feel would be beneficial to
NASA.
7._ Quantized Hall Effect Resistance Standard: Develop a_totype quantum Hall
effect (QHE) resistance standard)for use in NASA's primary standards
- la0oratories having a precision and absolute accuracy of 0.1 parts-per-million
(ppm). The standard will be absolute (i.e., give a value in SI units) and be capable
of monitoring resistance standards at the 10 k.O level. Investigate the use of
quantized Hall resistors as an absolute ac resistance standard for frequencies
between 20 Hz and 10 kHz. This project also addresses the effect of sample
processing parameters on the performance of quantized Hall devices, with the
aim of producing standards that operate at temperatures above 1.2 K, thus
eliminating the need for expensive low temperature refrigerators.
Single Electron Tunneling: A new quantum phenomenon based on the charging
effects caused by the discrete value of the electron is being studied for
met_ological applications. Recent progress in nanofabrication has enabled the
obse'rvation of Coulomb blockade effects in metallic and semiconduc_g
systems. Since the conductance of these devices is determined by sequential
single electron tunneling (SET), they hold great promise for metrological
applications such as quantum noise limited elec__'_ometers and _._u'rem sources.
We propose to fabricate q_antum wire devices t_smg the focused ion oeam at the
• NNF and by using scanning tunneling microsoSi_e lithograph), being developed
•in the Semiconductor Division at NIST. These quantum devices can be used to
vary both the Fermi energy fi.e., the electron number) and the tunneling barrier
height in the narrow channel in these structures. Si-MOS technology could be
•used'to fabricate well-shielded capacitors mor, olithicaUy integra_.ed w_h the SET
devices. We have recently proposed a novel precision measurement of 0_ and e
utilizing SET devices to count electrons on a capacitor. We thus plan to study the
physics of Coulomb blockade while developing a competence in the application
of single electron tunneling to electrical metrology. We have devised a new
scheme for measuring capacitors that is independent of frequency. This scheme
will help link our calculable capacitor and quantum Hall programs with the new
nanostructure program.
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_')Josephson Arrav ACLWaveforms: To--the generation of mY-level,precisely
__enerated--AC signal) at frequencTes abo_e I Hz to over I MHz using frequency
modulation (FM)'techniques on a Josephson-junction array. This research will
expand on the proven ability to generate 1000 Hz and 400 Hz AC signals with
300p_V amplitude using 25 MHz FM at 85 GHz, and will explore the possible methods
of, or limits to, generating frequencies at 100 kHz or higher. The
accuracy of these AC waveforms is comparable to that of the DC Josephson
standard and would provide improved calibrationcapabilities in areas where
Josephson AC signals can be generated.
_osephson Array Volt System Diaqnostics: The daily operation of a Josephson
'array volt system is often complicated by both common problems arising directly
from failures of the system's instruments to subtle interactions between two or
more system components. Although operation of a remote site array system can
be well automated, the electronic expertise needed in maintenance and repair of
such a system requires backgrounds in array physics, ultra-sensitive DC voltage
metrology, high frequency noise electronics, and microwave engineering. We
propose to_-ystematize a maintenance program/with a hierarchical diagnostic
catalog of _roblems experYenced in regular array operations. This would
benefit system operators who need to perform on-site maintenance, and would
help in diagnosing problems in a remotely operated system.
Half-inteqral Voltaqe Steps in the Josephson Effect: Half-integral voltage
steps are sben in both conventional Josephson array voltage standards and
Josephson junctions fabricated from the new high critical temperature
superconductors, not necessarily caused by the same phenomenon. The former
creates uncertainty in calibrations and the latter are an intriguing effect
that may impact the ultimate application of_ hi_ T_ m_te_-;ai_ Fu,
• " " _ _tpn_ _n _w_'_-_,, _+=,a=_4c wl 1stan_he_ndltlons for halt-_ntearal _ . ........... _ ........... "I
b'T-documente.d_and methods to avoid their occurrence in conventional arrays
----Irfllbe established. A model already developed may explain the half-integral
steps in the complex structure of the high Tc superconducting ju,lctions. This
model will be applied to the conventional arrays as well as to generate the
understanding needed to use the high Tc materials for space applications.
Dual Josephson Array Applications: The series array of Josephson junctions
that is used for our present voltage standard generates a prec;_e I to 10
voltsL We have compared completely independent array systems to an accuracy
of I part in 10l° at room temperature, but individual junctions in the same
cryostat have been shown equivalent to parts in 1018. This leaves a wide
range of potential measurement accuracy to be explored for precision
comparisons of voltage or microwave frequencies. We have a dual array
cryostat to compare two individual series arrays both with the same and
slightly different microwave frequencies to demonstrate possible applications
of this system. Such applications as detecting slight microwave differences
from very small length changes to very small voltage differences will be
studied.
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Funding request:. This will be a three-year effort. Our funding request, per year,
is given below. Note that these projects will be heavily supported by NIST
internal funding as well. Also note that the specific deliverables to NASA are to
be selected from the topic options presented in this proposal through discussions
between NASA and NIST staff.
Labor Other Objects WY's
$ 300k $ 50k 1.5
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NIST Electricity and Electromagnetic Technology Divisions
Research Proposal to NASA
AC Measurements at the Quantum Limits of Sensitivity
Principals: J.R. Kinard, T. E. Lipe, D. G. McDonald, & J. E. Sauvageau
Summary: Thi_xn:pposal is to develop the next generation o_c-dc difference stan da_. relating ac
"voltage and currentY_, ndamental and highly important to industry) to de primary standards using a
super-c6nduclan, g environment to investigate the underlying physics in thermal tr'-,msf= standards at
the sub-pprn level. The two limiting factors in converter performance -- thermoelectric effects in
resistive structdres and sensing of small temperature changes -- will be addressed by the operation
of transfer stakldards and studies of materials performance at cryogenic temperatures and the use of
a kinetic inductance temperature sensor, respectively. These will be required to calibrate new thin-
film multijunction thermal converters (b2vffTCs) capable of performance at the 1 - 5 ppm level or
better over the frequency range from 10 Hz to 10 MI-LZ. The new FMJTCs will be commercially
available and affordable as a result of a cooperative research and development agreement between
NIST and BaUantine Laboratories over the past two years.
T_chni_al B_km'ound and Strategy: The Electricity and Semiconductor Electronics Divisions are
well along in a joint effort with B_dlantine Laboratories to develop and commercialize FMJTCs.
Thes6 devices have the potential to match the performance of NIST primary standards in the audio
frequency range and have the advantage of extending primary standard performance levels to
frequencies of tens of MHz, affording a large improvement in accuracy and reliability over
standards presently available. These converters will be commercially produced and be affordable
for general laboratory use throughout the measurement community. Versions of them have been
proposed for inclusion in multimeters; ff suceessfttl this would lead to ac voltage specifications
nearly as good as those for de voltage measurements.
A new generation of primary standards will be needed at NIST, and perhaps in NASA labs, to
ensure that FMJTC-based standards and instruments can be supported at their limits of
performance. This is needed for NIST to guarantee that the instrumentation industry's ability to
develop new devices and instrumentation is not limited by the level of NIST's calibration services.
It will be needed at NASA to evaluate .new instrumentation with improved ac measurement
specifications and to provide calibration support for such instrumentation. This proposal
represents a joint effort between the Electricity and Elecu'omagnetic Technology Divisions to
produce such new standards.
The approach of applying superconductivity to such standards takes advantage of the fact that
superconducting devices, such at SQUID's - for use as low-level detectors - and kinetic
inductance thermometers - to monitor the temperature rise in heaters - perform at the quantum
limits of sensitivity; i.e., there is simply no more sensitive means of making such measurements.
Hence, the potential for some very interesting research in th_lectrie effects, and the possibility
of developing the"ultimate" standards for ae-de difference are both very high. The need for
research on themaoelectrie effects is fundamental. These effects in the heater ultimately limit the
frequency response of any converter. They may be significantly _duced or more predictable at
very low temperatures. The best existing converters have at-de differences on the order of 0.2 -
0.5 ppm over a limited frequency range. Serious improvements to this level of performance
require a better understanding of thermoelectric effects than is presently available.
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In parallel to thisresearch,thedevelopment of improved standards will proceed along three lines.
First, SQUID's will be used as output detectors for operating FMJTC's at liquid nitrogen
temperaunr.s in order to investigate noise limitations in those devices. New fill thermal converter
configurations will be designed to permit examination of the thermal characteristics of heaters and
monitoring strueun'es in order to improve the performance of future designs. This approach will
also be used to re-evaluate existing primary standards to verify and refine the measurement
uncertainties associated with them.
Second, new and improved schemes for the construction of cryogenic thermal converter structures
and to monitor heater temperature will be developed and tested. Most important of these will be
that of adopting the superconducting kinetic inductance techniques developed by the Cryoelectronic
Metrology Group fGr IR power measurements to film heater designs to produce an experimental
kinetic inductance converter (ICrTC) to run at liquid He temperauaes. New superconducting
shields and transmission lines will be studied. Other possibilities involve optimizing thermopile
materials for use in liquid nitrogen. An investigation of possible use of high-temperature
superconductors to assess the feasibility of operating a version of superconducting kinetic
inductance device at higher temperatures, perhaps even at liquid nitrogen temperatures, may be
undertaken.
Finally, custom FMYFC's and KITC's designed specially to permit analytical modelling of their
behavior at about 8 K will be fabricated and their relative performance compared with that predicted
by the models. Such designs will take into account the difficulties of deeming the measurement
plane (important at higher frequencies) and dealing with the large m:d variable thermal emf's
experienced in circuits in very large temperaua'e gradients.
_lgg£igK¢._: The near-term goal of this activity is a new generation of standards of ac-dc
difference that have predictable performance (uncertainties) at the < 0.1-ppm level in the audio-
frequency range and 1 ptfm at frequencies up to a megahertz. By the end of FY 93 we expect to
have started studies of FMJTC.s at nitrogen temperatures and have fabricated some of the new
structures necessary for prototype KITC's. In FY94 the K1TC structures fabricated this FY will
be characterized and follow-on prototype KITCs will be fabricated. Studies of thermodectric
properties of both heater and thennocouple materials will be initiated. We expect that this work
will take at least three years (through FY 95) to complete.
In the future, applications at higher frequencies might well be investigated, working at 50-t2
characteristic impedances. Eventually, exploitation of superconducting devices for temperature
monitoring and converter comparison should lead to standards whose accuracy surpasses the most
demanding requirements. Even ff these are not attained, it is certain that redueeA-noise
measurement techniques will be developed that will enable NIST and NASA to make better use of
existing room-temperature standards. The techniques to be investigated will also be applicable to
other measurement areas, for example IR astronomy.
For NASA, this would mean a nearly perfect standards capability for supporting calibrations of ac
voltage and current, but a means of verifying the performance of the FMJTCs as wen. Upon the
completion of this work, we would anticipate working with NASA to establish copies of the new
primary standards in one or more key NASA laboratories and developing procedures to accredit the
laboratories to their e_daanced capability.
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_: This will be a three-year effort. Our funding request, per year, is given below.
Note that this project will be heavily supported by NIST internal funding as well (N-IST funding
will approach $ 650k per year).
Lair Olher Obiecls
Electricity $100k $ 20k 0.6
Electromagnetic $100k $ 30k 0.3
Technology
Total $ 200k $ 50k 0.9
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NIST Electricity Division Research Proposal to NASA
Calibration Strategies for Testing Electronic Instrumentation
Principals:
Summary:
T.M. Souders and G.N. Stenbakken
The objective of this proposal is to apply new error modeling techniques and efficient
calibration strategies to reduce the testing requirements of electronic instrumentation.
For a pilot demonstration, an instrument in the NASA inventory will be selected whose
current metrology support is test-intensive.
Technical Background and Strategy:
For a number of years, NIST has been cloncemed with the increasing challenges of
testing complex systems ranging from integrated circuits to full ATE systems. The need
to reduce escalating testing costs must be reconciled with increasing demands for quality
and reliability in the tested products. To address some of these needs, NIST has
developed a comprehensive approach for optimizing the testing of analog and mixed-
signal devices [1-4]. The approach has been successfully demonstrated in several studies
at the integrated circuit level, where reductions in test time have ranged from a factor of
10 to over 100. Pilot production line evaluation is presently underway for mixed-signal
IC applications. More recent work in collaboration with a major instrument
manufacturer has shown that the approach also has promise at the instrument level,
where reductions by a factor of five or more have been demonstrated for the number of
measurements required to fully characterize the instrument [5].
The approach uses a model-based strategy to reduce the test burden posed by many
devices. The method exploits the fact that a typical manufacturing process has a
relatively small number of significant underlying variables compared to the large number
of candidate test points that are often considered necessary. The number and influence
of these (otherwise unknown) variables is determined via a singular value decomposition
of data taken on many representative devices. From that analysis, an error model is
automatically generated that can accurately describe any new device coming off of the
production line. To characterize each new part accurately, only three or four times as
many measurements are needed as there are variables. The optimum set of test points is
automatically selected from the model through matrix transformations that determine the
amount of new information that each test point provides. Using the model and the
limited test data, accurate predictions can be made of the response of each test device at
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all remaining test points. The prediction accuracyis typically comparable to the noise
level of the measurementprocess. Associatedstatistical confidence bounds for the
predictions are computed. Safeguardsbuilt into the processflag model errors resulting
from changesin the manufacturing process.
The approachjust described is tailored to a production line environment in which it is
feasible to acquire measurement data on a statistically significant number (-100) of
representative instruments. However, for a calibration laboratory serving a limited
inventory of each instrument type, this approach is not feasible. On the other hand,
calibration labs typically maintain records of the calibration history on the inventory,
which in principal spans a necessaryand sufficient subspaceof the full space described
by a statistical sample. The work of this proposal is to study, develop and apply models
basedon records of calibration history of instrument inventories.
Expectations:
The near-term goal of this proposal is to develop a formal modeling approach based on
calibration records, and to demonstrate the approach on a suitable instrument type in the
NASA inventory. Gnce the model is developed, the NIST test point selection algorithm
will be used to establish a reduced test plan for the instruments,which can be evaluated
at the next calibration cycle.
Follow-on work will explore adaptive methods that can be used throughout the life cycle
of an instrument to enrich or constrain the model as needed with each new calibration,
so that the test effort can be adaptively minimized.
The final phaseof the work would provide software that NASA calibration lab personnel
can use to implement the method. The software would have three functions: to generate
the error model from historical calibration data; to select the reduced set of optimized
test points, based on required confidence limits supplied by the operator; and, for
subsequentcalibrations, to predict the responseof the test instrument at all candidate
test points from measurements made at the selected test points, together with estimates
of the associated confidence in the predictions.
Funding Requirements for first phase: $150k
References
[1] G.N. Stenbakken and T. M. Souders, "Test Point Selection and Testability
Measures Via QR Factorization of Linear Models," IEEE Trans. I&M, Vol. IM-
36, No. 2, June 1987.
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G. N. Stenbakken and T. M. Souders, "Linear Error Modeling of Analog and
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NMR Current/voltage advantages for NASA
• Transportable Current/Voltage reference
• Quieter than zener
• More accurate than zener
• Can turn off
• Without shields, it is also be a vector magnetometer.
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Josephson-Array Derived AC Signals
Potential
An ultra-low noise source
small AC signals
of calibrated
An ideal FM demodulator
Research to understand the limitations of:
70-95 GHz FM modulation electronics
Array stability, critical current and
frequency response
Calibrations using small signals
Applications
High precision calibration of small signal
AC devices, i.e. vibration sensors
Direct use as a vibration sensor
Array FM demodulation to detect micro-vibrations on
a microwave cavity
Tracking of a small AC signal with low noise array
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NASA Ames-Moffett Instruments by Discipline FY92
B Pressure and Vacuum 2,851
D Dimensional 2,961
M Mass, Force & Torque 2,165
H Temperature & Humidity 497
E Electrical 14,449
22,923
Total Number of Instruments Serviced:
Total Number of Hours:
6,638
9,947
NASA Ames-Moffett Actions Taken FY92
Action Code Number
A iii
C 3,426
F 93
I 229
J 161
L 65
M 25
N i0
Q 239
R 84
S 3
T 589
• V 33
X 1,521
Z 3O
1 19
Description Ave Hours
Acceptance Check 1.9
Calibration Checked 1.5
Functional Check .7
Returned Unserviced .5
Beyond Economical Repair .9
Limited Calibration 1.7
Preventive Maintenance 1.8
Modifications 4.0
Adjust and Calibrate 1.8
Repair 2.4
Repair & Limited Cal 5.3
Repair & Calibrate 3.7
Clean, Adjust, & Calibrate 1.2
Clean & Calibrate .8
Clean, Repair, Limited Cal 2.9
Acceptance Check Reject 1.6
6,638
NASA Ames-Moffett Cal/Repair Summary FY92
Recall In Cycle
Calibrations Repairs
Electronic Mechanical Electronic Mechanical
Oct '91 334 308 31 12
Nov 292 82 32 i0
Dec 127 96 52 2
Jan '92 121 82 19 2
Feb 86 89 20 1
Mar 105 73 30 ii
Apr 112 105 29 3
May 146 116 23 5
Jun 119 68 26 i0
Jul 265 187 31 4
Aug 169 426 25 5
Sep 172 63 18 0
Total 2,048 1,695 336 65
Recall Out of Cycle
Calibrations
Electronic Mechanical
Oct '91 0 4
Nov 5 15
Dec 7 7
Jan '92 57 41
Feb 137 59
Mar 179 54
Apr 95 21
May 137 38
Jun 114 23
Jul 136 44
Aug 144 187
Sep ii0 74
Total 1,121 567
Repairs
Electronic Mechanical
0 0
0 0
3 1
13 2
22 3
36 1
22 4
22 4
22 0
28 1
19 18
17 2
D_m nu_
204 36
NASA Ames-Moffett Cal/Repair Summary FY92
Non-Recall
Calibrations Repairs
Electronic Mechanical Electronic Mechanical
Oct '91 20 3 8 0
Nov ii 2 8 1
Dec 39 5 7 2
Jan '92 50 24 27 2
Feb 33 15 ii 1
Mar 40 34 20 1
Apr 60 3 23 0
May 113 3 9 0
Jun 18 7 13 1
Jul 8 4 ii 0
Aug 79 1 7 1
Sep 23 3 17 1
Total 494 104 161 i0
65 Electrical Items 'BER'
96 Mechanical Items 'BER'
156 Electrical Items 'Returned As Is'
62 Mechanical Items 'Returned As Is'
NASA Ames-Moffett % Out of Tolerance FY92
Recall Recall
(in cycle) (out of cycle) Non-Recall
Elect Mech Elect Mech Elect Mech
Oct '91 0.3 3.2 0.0 75.0 0.0 i00.0
Nov 0.3 2.4 0.0 26.7 0.0 0.0
Dec 2.5 3.1 0.0 0.0 0.0 0.0
Jan '92 .8 0.0 1.8 9.8 0.0 0.0
Feb 3.5 2.2 3.6 1.7 0.0 0.0
Mar 5.7 0.0 i.I 0.0 0.0 0.0
Apr 5.4 0.0 3.2 0.0 1.7 0.0
May .7 1.7 1.5 5.3 0.0 0.0
Jun 1.7 0.0 3.5 0.0 5.6 0.0
Jul 1.5 0.5 0.7 0.0 0.0 0.0
Aug 3.6 0.5 3.5 1.6 0.0 0.0
Sep 1.7 0.0 2.7 2.7 4.3 33.3

Goddard Space Flight Center
Metrology Program Status Report
for
Fiscal Year 1992
Louis A. Thomas
16th Annual NASA Metrology Workshop
NIST
Gaithersburg, Maryland
April 20 to 22 1993
1
SUIVIIVIARY
Paramax Systems (A Unisys Co.) provides metrology services for Goddard Space Flight
Center under the technical management of the Office of Flight Assurance.
In fiscal year '92 several changes took place within the Office of Flight Assurance and
Paramax Systems. Bob Sutton retired in July '92, leaving the position vacant until Louis
Thomas' recent appointment. David Miller, the metrology engineer left in May '92 and was
replaced by Herman Douthit. While key personnel and numerous lab personnel changes took
place, Paramax Systems continued to have a productive year.
The lab installed SPECTRUM distribution amplifiers at each work bench to provide
continuous access to the lab frequency reference standard.
The total number of items calibrated and or repaired was 10,168. TECR accounted for 4,154
units, the TCS accounted for 4,038, and Dimensional accounted for 1,976.
195 pieces of equipment were returned to the original manufacturer for calibration or repair.
174 pieces of equipment were delayed for parts.
TECR ACTIVITIES
The Test Equipment Calibration and Repair section is presently staffed by fourteen full-time
and one part-time personnel. This includes a supervisor, a truck driver, and a metrology
engineer.
The average hours per event in the laboratory were; 3.70 hours per repair and 2.43 hours per
calibration for an overall average of 2.82 hours per event.
The average calibration time for all events using the Transportable Calibration System was .77
hours. Fifty five percent or 2216 units were calibrated using automated procedures. There
was an 11% failure rate (out of cal.).
* Dimensional calibration lab activities.
DIMENSIONAL CALIBRATION LAB
The Dimensional Calibration Lab performed a total of 1976 calibrations during FY 92 which
was an increase of 522 over FY 91. One thousand eight hundred (1,800) calibrations were
hand tools (micrometers, calipers, indicators, etc.) and 84 calibrations were machine tools.
°¢
EQUIPMENT REPLACEMENT AND UPDATING
The TECR laboratory was updated this year with the following equipment.
1). TEK CG5011 O'scope Calibrator $21,400
2). TEK SG5010 Low Distortion Oscillator $ 4,800
3). I-UP 16074A Std Resistor Set $ 3,000
4). HIP 3458A 8.5 Digit Multimeter $ 7,300
5). HIP 6060A Electronic Load $ 8,200
6). Fluke 6061A Synthesized Generator $ 6,300
7). Boonton 92EA RF Millivoltmeter $ 2,000
8). Biddle Hi-Res. Decade $ 3,200
72-6346-1
Jofra D55SE
Jofra 650SE
9). Temperature Calibrator $ 4,700
10). Temperature Calibrator $ 4,000
The mechanical inspections laboratory was updated this year with the following equipments:
Dimensional _alibration F_,q_uipment
Pratt & Whimey External & Internal Supermierometers, 0 to I0 inch (250 mm), 10
microinehes (.00025ram) resolution.
• Federal Gage Block Comparator 0-4 inch (100ram), accurate within 0.2 microinches
(.02 micrometer).
K&E AutocoUimator, 0 to I00 feet, direct reading to 0.2 seconds of arc
Moore Universal Measuring Machine, 18 inch x, 11 inch y, 14 inch z, 5 microinch
resolution.
3
STAFFING
NASA
Technical Monitor
PARAMAX
TECR
Supervisor
Metrologist
Technicians
Courier/Driver
1
1
11+
1
1 part time
G/VUS
Administrator 1
Data Clerk 1
DIMENSIONAL CALIBRATION
Calibration
Technician's 1.5
Category
Code
GODDARD S_ -,CE FLIGHT CENTER
TEST EQUIPMENT CALIBRATION AND REPAIR ACM
ANNUAL FY 1992
TOTAL EVENTS
AVG. HOURS
PER EVENT
3.70
Repair 1725 2.43
Calibration 3873 2.82
Total 5598
Total Jobs Completed: I 4154 1
Type
TRANSPORTABLE CALIBRATION SYSTEM
ANNUAL REPORT, FY 1992
Calibrated
% of
Total
# of
Units
Failed
% of
Category
01
02
_ 03
07
09
11
12
13
14
15
Counters 222 5.5 % 23 10.0 %
Oscilloscopes 711 17.6 % 63 8.0 %
Plug-In (Scope) 911 22.6 % 62 6.0 %
Amplifiers 101 2.5 % 5 4.0 %
Power Supplies 462 11.4 % 112 24.0 %
DVM/DMM 708 17.5 % 68 9.0 %
AVM/VTVM 79 2.0% 14 17.0%
Generators 185 4.6% 13 7.0%
Meters 524 13.0 % 62 11.0 %
Decades 135 3.3% 7 5.0%
Total Calibrated: 4038
Total Failed: 429
Hours Charged 3092
Hours/Unit: 0.77
Failure Rate: 11%
2216 Units, 55 %, were calibrated using automated calibration procedures.
GODDARD SPACE FLIGHT CENTER
TEST EQUIPMENT CALIBRATION AND REPAIR ACTIVITY
ANNUAL FY 1992
-._../
Category
Code
TOTAL EVENTS
AVG. HOURS
PER EVENT
Repair 1725 3.70
Calibration 3873 2.43
Total 5598 2.82
Total Jobs Completed: [ 4154 ]
TRANSPORTABLE CALIBRATION SYSTEM
ANNUAL REPORT, FY 1992
% of
Type Calibrated Total
# of
Units
Failed
% of
Category
01
02
03
07
09
11
12
13
14
15
Counters 222 5.5 %
Oseilloseotms 711 17.6 %
Plug-In (Scope) 911 22.6 %
Amplifiers 101 2.5 %
Power Supplies 462 11.4 %
DVM/DMM 708 17.5 %
AVM/VTVM 79 2.0%
Generators 185 4.6 %
Meters 524 13.0%
Decades 135 3.3%
23
63
62
5
112
68
14
13
62
7
10.0%
8.0%
6.0%
4.0%
24.0%
9.0%
17.0%
7.0%
11.0%
5.0%
Total Calibrated: 4038
Total Failed: 429
Hours Charged 3092
Hours/Unit: 0.77
Failure Rate: 11%
2216 Units, 55%, were calibrated using automated calibration procedures.
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Staffing adjustments continued during 1992 with emphasis placed on
improving quality technical capability/ability. This resulted in hardware
technical resource within the Calibration Laboratory, On-site maintenance
improved in both office machine and safety program instrumentation which
was started last year and a new on-site capability was established for the
calibration of Microwave Network Analyzers. This resulted in a substantial
savings in the maintenance and calibration holding accounts
II. CALIBRATION PROGRAM OVERVIEW
The Instrument Services Group of the Instrumentation section is
responsible for the quality calibration, maintenance and repair of JPL
controlled - government owned - instruments and equipment. Most General
Purpose Test Equipment is managed by the sections Loan Pool and is
maintained by one of the sections laboratories as follows;
Measurement Standards Laboratory establishes primary standards _fand
NIST traceability requirements and calibrates JPL working standards.
Transducer Laboratory calibrates physical and electromechanical
working standards and Instruments.
Calibration and Instrument Services Laboratory provides general
purpose test equipment calibrations and user hardware consultation.
Equipment calibration recalls, an technical library and an parts facility are
also managed here.
Loan Pool provides hardware/software Interface service as an adjunct
to their portable computer rentals. Software programming is provided
through the sections Measurement Technology Center.
III. JPL ACTIVITIES
1. INSTRUMENT LOAN POOL ACTIVITIES
AVG. LOAN POOL INVENTORY
FY91 FY92
6392 6597
AVG. INSTRUMENTS ON LOAN 3209 3431
AVG. % OF INVENTORY ON LOAN 50% 52%
NUMBER OF NEW INSTRUMENTS ACQUIRED
LOAN POOL INSTRUMENTATION
LOAN POOL COMPUTERS
671 16S
NA 102
COST OF NEW INSTRUMENTS ACQUIRED
LOAN POOL INSTRUMENTATION
LOAN POOL COMPUTERS
$2119K $2406K
NA $ 516K
2. CALIBRATION LABORATORY ACTIVITIES
The three laboratories calibrate electronic, electro-mechanical, physical
and safety related instruments and systems, Calibrations range from oxygen
monitors to 40 GHz networks; DC to laser standards. Most calibrations are
performed in the laboratory environment, however, network analyzers,
safety related systems and controUers are usually calibrated on site. A review
of calibration events is compiled below with associated charts attached as
figures
FY 91 FY 92 DELTA
ELECTRONIC CALIBRATIONS AND REPAIR3
TRANSDUCER CALIBRATIONS
OFFICE MACHINES
3575 4170 +16.6%
417 749 +79.6%
755 1194 +58.2%
Increases in calibration and repair events noted above are directly
attributable to staffing efforts in late 1991 and early fiscal 1992 and the Loan
Pool general purpose instrumentation inventory review to reduce excess
items. Office machine gains were accomplished through better time
management and accountability methods.
TOTALS 4747 6113 +28.8%
IV. CALIBRATION PROGRAM ANALYSIS
A. STAFF
TABLE OF LABOR CATEGORIES AND DISTRIBUTIONS
JPL Contract
Program Management 3
Engineering 3
Technician 2
Technician support 2
Clerical & Logistic 1
Totals 11
1
0
7
2
7
17 28
B. WORK ANALYSIS
1. CAI IRRATION AND Rh-'PAIR
Calibration and repair events increased in fiscal 1992 to 6113, a 28
percent increase over fiscal 1991. Our continuing productivity improvements
are due principally to the attention paid to establishing the proper technical
mix to support our varied workload and to our "customer satisfaction"
attitude. Substantial reductions in "OFF" laboratory vendor services, careful
workload and customer requirement reviews and especially strong
communications within and between departments aided our efforts. Network
analyzer on-site calibrations and in-house customer user training helped rake
our customer service message to laboratory users.
2._
3. CONDITION OF EOUIPMENT RECEIVED FOR CALIBRATION AND REPAIR
52.2% were received within tolerance, no adjustment required
11.1% were within tolerance, but were adjusted
36.7% were out of tolerance and were adjusted/repaired
V. CALIBRATION SYSTEM DEVELOPMENTS
Automatic temperature calibration and characterization system developed
for PRT and thermocouple calibrations of custom manufactured
thermocouples and PRTs. This new capability provides detailed calibration
and characterization of these custom thermocouples and PRTs and directly
reduced customer downtime and decreased measurement uncertainty.
Transducer Laboratory added an automatic vacuum calibration system
increasing JPL capability and reducing the necessity of vendor vacuum
calibrations.
The Calibration Laboratory implemented an on-site Microwave Network
Analyzer calibrationprogram. A Microwave Standards MAP to provide
microwave standards calibrationsof the highest accuracy was also developed.
This combined capabilityreduced customer downtime and increased
customer satisfactionand measurement capabilities.
VI. EQUIPMENT REPLACEMENT AND UPDATING
A significant Loan Pool product in FY 92 was the addition of computer
controllers and software support to implement automatic control of test
instrumentation and processes. As noted in paragraph 3.1 over $500K was
expended on computational products such as PC and Macintosh controllers
and IABVIEW and HP-VEE software to aid customers in the automation of
their projects and experiments.
Additionally, calibration instrumentation in the Transducer and Calibration
Laboratories improved vacuum calibration and microwave power and
attenuation calibration capabilities and uncertainties.
VII. CALIBRATION PROCF.DURES AND SOFTWAR_ DEVELOPMENT
Sofn_are developed for the technical library resulted in streamlined
manual location and significant reduction in time previously lost to
improperly placed or misplaced manuals. Additionally, software modifications
aided in parts ordering and tracking helping to reduce repair turn around
time.
A calibrationrecalland management system software package was added
to the Calibration Laboratory which will be fully implemented in fiscal 1993.
VIII.TRAINING
An effort was made to increase the skill level of the technician staff -
especially with recent technical developments in the instrumentation field.
Two contractor technicians attended NASA
soldering school, and one contractor technician attended an
OsciUoscope calibration class at Tektronix. Two individuals
attended the Accelerometer calibration course offered at the MSC.
One contractor technician attended a microwave calibration
techniques course. Two staff members atzended courses in RMB
programming. Several members of the staff are scheduled to attend
the 1993 Measurement Science Conference in February in Anaheim,
CA. We hope to maintain the current level of training in FY93 to
increase the staff capability and decrease the amount of
calibration work being referred to outside vendors.
IX. CERTIFICATION O1= REFERENCE STANDARDS
JPL maintains reference standards and uses the services of NIST for
traceability of the national standards in thermal converters, capacitance,
resistance, and inductance.
Temperature is maintained through a triple-point cell and other intrinsic
materials.
Relative humidity traceability is maintained through a General Eastern 1500
which is sent to the factory for periodic calibration.
Pressure and force standards are traceable to national standards through the
Naval Weapons Station Standards Laboratory in Pomona, CA.
Voltage is maintained through the regional volt MAP which is under the
direction of NIST.
Time and frequency standards are traceable to the USNO, Washington D.C.,
through the LORAN chain.
Automated Radio Frequency Techniques Group (ARFTAG) sponsored the
microwave Measurement Assurance Program was joined with measurements
accomplished thru NIST participation.
X. PROBLEM AREAS
There were no significant problem areas to report this bY.
XI. ACTIVITI_
A. FUTURE ACTIVITIES.
1. Develop the capability to perform Mircowave attenuation measurements.
2. Develop the capability to perform Ultra-Violet temperature measurements.
3. Develop the capability to perform calibrations on Fiber-Optic Power
Instruments.
4. Upgrade the Accellerometer Calibration Test Equipment.
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JOHNSON SPACE CENTER METROLOGY PROGRAM
FY '92 STATUS REPORT
SUMMARY
The Johnson Space Center (JSC) metrology and calibration program
is an evolving process. It has continued to experience change
since its inception. Changes incorporated durin@ FY'92
encompassed capability improvements, production increase
requirements, increased metrology engineering activity, more
emphasis on Total Quality Management principles, in addition to
many others that affected the day to day operations.
One significant change worthy of mention at the start of this
report is the completion of Phase I of the new JSC Metrology
Facility. Phase I consisted of the construction of a 5,000
s_uare feet building with environmental controls but no internal
flnishing (walls, doors, etc.). Phase If, to be completed during
FY'93, will consist of completing the 5,000 square feet facility.
Once Phase III, construction of a 7,000 square feet addition to
the 5,000 square feet facility, is completed, toward the third
quarter of FY'94, two-thirds of the JSC Measurement Standards and
Calibration Laboratory (MSCL) operation will be housed in the
new, specifically designed, metrology facility. Two to three
more phases of constructlon will be necessary before the total
MSCL will be located in the new facility; probably not before
FY'96 or FY'97.
JSC MSCL metrology, calibration, and instrument repair activities
during FY'92 are presented for review.
Specific items presented in this report are:
A general review of the JSC Metrology Program,
JSC/MSCL NASA and contractor staffing,
Reliability analysls data,
FY'92 production statistics,
Standards and capability enhancement data, and
JSC/MSCL Quality Assurance Program activity and results.
JSC METROLOGY PROGRAM
The Johnson Space Center metrology facilities are operated by
SIMCO Electronics of Santa Clara, California. SIMCO is currently
in the first year of a five year contract awarded by JSC to
operate the JSC/MSCL facilities.
Responsibilities of the MSCL encompass providing calibration and
repair services to all JSC and JSC contractor organizations, the
Texas Air National Guard (TANG) at Ellington Field, the United
States Coast Guard at Ellington Field, and the Federal Aviation
Administration located in Houston, Texas.
Additionall[, NASA Technical Management of the MSCL is tasked
with overslght of the Crew and Thermal Systems Division (CTSD)
Satellite Calibration Laboratory (SCL) operation; approving
calibration procedures, surveying the operation, etc. The MSCL
SCL in the JSC CTSD completed 1340 items during FY'92. CTSD SCL
calibration status data are analyzed and used in the
determination of the reliability of all JSC instrumentation. Of
the 1340 items calibrated by the CTSD SCL 197 were received
within calibration specifications requiring no adjustments, 335
were received within specifications but were adjusted for
optimization, 336 were received outside of calibration
specifications and were adjusted, 2 were received outside
specifications and required repair prior to being adjusted within
specifications, 16 received a LIMITED USE status, and 454 fell
into an "OTHER" category; initial calibration, calibration after
external repair, etc. Please note, the production of the CTSD
SCL IS NOT included in the production and qualit[ data included
in the charts, graphs, and figures presented in thls report.
MSCL production demands continued to increase during FY'92. The
24,867 items calibrated during FY'92 represented an increase of
11.4 percent over the previous high year, FY'91. This was
accomplished while maintaining the FY'92 turnaround time (TAT) at
5.0 working days, the same TAT achieved during FY'91, even though
the production demand increased. Further information concerning
productivity measures is provided in charts and graphs
accompanying this report.
The MSCL Internal Quality Assurance Program was converted to a
Designated Verification Program during FY'92, at the start of the
current five year contract with SIMCO Electronics. Metrolog]/,
being a 100 percent quality verification process, is augmented In
the MSCL with an inspection process based on random selection of
the technician, whose work is to be inspected, throu@h his
technician stamp number. A designated senior level technician in
each laboratory section inspects the next item calibrated by the
selected technician. Additionally, 100 percent of all
calibration documentation is checked by each laboratory section
supervisor. Also, impromptu inspections of standards and systems
to be used in in-place operations are performed to assure correct
status. All quallty program results data are compiled, analyzed
for trends, and reported to upper level management weekly,
monthly, and tri-annually in contractually required reporting
formats.
k_
Only twenty-seven (27) meetings of the MSCL NASA/Contractor
Management Co.mmittee were conducted durin_ FY'92. An additional
109 action Items were undertaken dur_n_ these 27 meetings,
bringing the total to 609 action items considered since inceptlon
of the committee. Only eight (8) of the original 609 actions
remain open. This commlttee process continues to be the best
means available for addressing the ever changing role of
metrology at JSC and within the NASA Agency.
MSCL personnel were instrumental in the development of a
metrication presentation for use in fosterang acceptance of
"GOING METRIC" in all aspects of everyday operations, at home and
at work. Once the presentation was seen by.influential personnel
at JSC the decision was made to prepare a vldeo tape for use in
educating all of JSC in metrication. A major portion of the MSCL
presentation was used in making the JSC Metrication Video.
CALIBRATION PROGRAM ANALYSIS
The MSCL is under the direction of the JSC Safety, Reliability,
and Quality Assurance Office; Institutional Safety and Quality
Division; Process Engineering Branch. The NASA Technical Manager
of the MSCL operations is David C. Dittmar. The NASA Technical
Monitor of the MSCL is Jose M. Olivarez. Currently, thirty-eight
(38) contractor personnel maintain and operate the MSCL. MSCL
staffing, both contractor and NASA, are presented in figure I.
WORK ANALYSIS
An analysis of the work _erformed by the MSCL in support of JSC
and JSC Contractor organazations during FY'92 is presented in the
next nineteen (19) figures.
Figures 2a thru 2e presents, in tabular form, the current JSC
MSCL instrument inventory an the MSCL Metrology Information
Management System (MIMS) database. The data in the tables are
arranged alphabetically by instrument nomenclature. The
nomenclatures used an the tables correspond to the JSC MSCL
Instrument Codes (not listed in the tables) used in the MSCL
calibration operation. The following data is presented in the
tables for each instrument nomenclature:
O
O
O
O
inventory of items per table line item,
total hours expended calibrating per table line item,
average hours per table line item, and
quantaty breakout.per line atem of the calibration status
(i.e., received an tolerance, received out of tolerance and
adjusted, limited calibration performed, or rejected).
The above four calibration status situations are quantified for
the total inventory on figure 2e.
Figure 3 presents the calibration and repair history of the MSCL
for FY'88 thru FY'92. The data in Figure 3 illustrates the
record setting productivity achievements of the MSCL during
FY'92. The specific records established were:
O Physical/Mechanical Calibration Laboratory (PMCL) calibration
actions completed during FY'92 exceeded the previous record
set in FY'91 by 18 percent. This productivity (15,888 items)
exceeded the average yearly production of the previous four
years (11,474 items per year) by 38.5 percent.
O
O
Priorit_ service requests were less during FY'92; however,
they stall exceeded the average of the past four years (694)
by 28.1 percent.
In situ services during FY'92 experienced a dramatic
increase. More JSC MSCL customers are requarang calibration
of delicate and/or large systems in-place rather than remove
them from permanent installations and transport them to the
MSCL facilaties for calibration. In situ calibration actions
increased b_ 19.7 percent over the previous high year, FY'90.
Likewise, an situ service increased by 33.9 percent over the
average of the previous four years.
o Electrical/Electronic Calibration and Repair Laboratory
(EEC&RL) calibration actions exceeded the previous high year
(FY'91) by 1.3 percent and exceeded the average of the
previous four years by 1.5 percent. This was accomplished
whlle experiencing a reduction of personnel and facing ever
more complex calibration requirements.
o Other data presented in tabular form in figure 3 are further
illustrated in the following charts and graphs.
Figure 4 presents .graphically a comparison of FY'92 monthly
production statistics, Items Received, Items Calibrated, Hours
per Item and Turn Around Time (TAT) for each month of the fiscal
ear are illustrated in comparison format. The highest amount of
tems received (3524) and items calibrated (3438) in any one
month of the year occurred during May 1992.
Figure 5 presents in bar graph format the annual fiscal year
production of the MSCL during the period of FY'85 thru FY'92.
The production during FY'92 of 24,867 items exceeded the next
highest year, FY'91, by 11.4 percent. FY'92's _roduction
exceeded the average production achieved over the prevlous seven
years by 30.9 percent.
Figure 6 presents an overview of the items calibrated, hours per
item and turn around time categories over the previous six fiscal
years, FY'87 thru FY'92. As noted in other charts, the
production has steadily increased while the turn around time has
been held to an average of 5.0 working days the last three FY's.
The hours per item has steadily decreased since FY'89 reaching a
low of 1.6 during FY'92.
Figure 7 is provided to illustrate the productivity of the MSCL
repair function over the last nine fiscal years. The repair
actions completed during F¥'92 decreased significantly below
those accomplished during the previous eight years. FY'92
completions were 28.8 percent below the highest year (FY'84) and
7.5 percent below the previously low year (FY'91). Even though
the productivity appears to be decreasing, the fact is that the
backlog of items awaiting repair was maintained at the lowest
level of any fiscal year. Additionally, the repair technicians
were utilized at different times during the year to perform
calibration operations; helping maintain control of the backlog
of items awaiting calibration.
Figure 8 depicts the output of the MSCL Automatic Calibration
Systems (ACS) over the past twelve fiscal years. FY'92's ACS
production increased slightly over previous years, approximately
0.4 percent over the next highest production year (FY'90).
Procedures that are belng wrltten for use in calibrating
automatically are predominantly for one of a kind inventory
items. The multiple inventory items (one procedure used to
calibrate from i00 to 200 items) have all been automated.
Production increases are rather flat because of this situation.
Duplicate ACS units will have to be purchased and placed into
operation if we hope to see a continued increase in this
production area.
A testament to the efficiency of the MSCL is presented in an
overview look at the TAT. Figure 9 depicts an isolated picture
of the TAT achieved over the last elght fiscal years. The TAT
for four of the eight years was 5.0 working days. The average
for the eight years was 5.4 working days. The 5.0 TAT was
achieved and held while the work load increased, as stated in
previous paragraphs, and the staffing level was decreased.
Figure 10.presents graphically the condition of equipment when it
was submltted for calibration during FY'92. Also, a measure of
the responsiveness of JSC MSCL customers to the JSC MSCL Recall
Program is presented. Figure 10 summarizes the data presented in
Figures 2a thru 2e.
Figure 11 presents, in tabular form, the JSC MSCL Recall Program
Instrument Inventory activity during FY'92.
JSC MSCL REFERENCE STANDARDS ENHANCEMENT
The MSCL is charged with the responsibility to maintain the
traceability of all measurements _erformed at JSC to national
standards maintained by the Natlonal Institute of Standards and
Technology (NIST), intrinsic standards, or other recognized
reference standards. Approximately $90K was expended in that
effort during FY'92. Figure 12 lists the procurement actions
that were undertaken to maintain current with the state-of-the-
art in reference standards maintenance activity.
$_NERAL LABORATORY CAPABILITY ENHANCEMENT
The Secondary Calibration Laboratories, both Physical/Mechanical
and Electrical/Electronic must maintain their status current with
the state-of-the-art In measurement capability in order to meet
the changing requirements of the JSC MSCL customer. Figures 13
and 14 list the actlons undertaken in pursuit of excellence in
this category by the two Secondary Calibration Laboratories
during FY'92.
CALIBRATION PROCEDUREISOFTWARE DEVELOPMENT
Metrolo_y principles and practices, not to mention contractual
obligatlons, dictate that every calibration action undertaken by
the MSCL must be covered by an individual, unique, calibration
procedure. In consideration of this requirement it is
understandable that procedure development is a vital part of the
MSCL operational process. Figures 15 and 16 list calibration
procedure development activlt_ during FY'92 and an accumulatlon
of this type of activity slnce inception of the MSCL operanion.
Figur. e 15 lists manual calibration procedure development
actlvity, while Figure 16 lists automatic calibration procedure
development activity.
CERTIFICATION OF REFERENCE STANDARDS
Along with procurement of the newest state-of-the-art standards,
maintainlng current certification of the existing standards is a
priority of any reference standards laboratory operation.
Figures 17 and 18 lists the activity that was undertaken in this
certification effort by the JSC MSCL Reference Standards
Laboratory during FY'92.
Figure 19 lists the reference standard certifications that are
planned to be obtained during FY'93 by the JSC MSCL Reference
Standards Laboratory.
JSC MSCL OUALITY ASSURANC_ PROGRAM ACTiViTY
The MSCL Quality Assurance Program underwent a philosophical
change at the start of the current contract. The method of
performing inspections and the rational was explained earlier in
this report. Since the scope of the program did not change, the
results of the program contlnue to be malntained and reported in
the same manner and format. Figure 20 presents, in tabular form,
the results of the MSCL Quality Assurance Program during FY'92.
THE FORGOING JSC MSCL METROLOGY PROGRAM
FOLLOWING CHARTS, GRAPHS, A_D TABLES ARE
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RELIABILITY ANALYSIS:
JSC MEASUREMENT STANDARDS AND CALIBRATION LABORATORY
FISCAL YEAR 1992
EOUIPMENT DESCRIPTION ITEm HOURS HP.Sm'EH
REC'D
RECD OUT OF TOL UMITED
IN-TOL _
v
ACCELEROHETERS, VIRRATION 1836.0
ACCELEROMETERS, LINEAR 8.0
ACCELEROMETER, VELOCITY 5.0
ACCELERATION, VIBRATING DEVICES 6.0
ACOUSTICS, MICROPHONES 81.0
ACOUSTICS, SOUND LEVELMETERS 2.5.0
ACOUSTICS, SOUND PRESS.CALIBRATOR 21.0
AMPUFIER, POWER 133.0
AMPURER, AC/(DC) AUDIO 556.0
AMPURER RF/MICROWAVE 5.0
At,uu.YZERGAS(AT) 1.0
_IALYZER,GAS(At) 87.0
ANALYZER. UC_K.IID 4.0
ANALYZER. SERVO 2.0
ANALYZER, SPECTRUM 87.0
ANALYZER,, DISTORTION 101.0
ANALYZER, NETWORK 3.0
ANALYZER, WAVEFORM 43.0
ATTENUATOR, AUDIO/VIDEO 13.0
A'FrENUATOR, RF/MICROWAVE 174.0
ATTENUATION, ST'DS/MEA$.DEVICES 5.0
BRIDGE CAPACITANCE 6.0
BRIDGE, INDUCTANCE 1.0
BRIDGE, IMPEDANCE 8.0
BRIDGE, RESISTANCE 15.0
BRIDGE, RLC 4.0
BRIDGE, R.F. 14)
CAIJBRATOR, METER 67.0
CAPACn"oR, DECADE 13.0
CAPACITOR, STANDARD 36.0
CONTROLLER 2.0
CONVERTER, AC/DC THERMAL 9.0
CONVERTER,, FREQUENCY 68.0
COUNTER., FREQUENCY/PERIOD 410.0
COUNTER (TIMFJ_'roI_VATCH) 12.0
COUPLER, DIRECTIONAL COAXIAL 36.0
DIMENSIONAL, CALIPERS(ALL TYPES) 205.0
DIMENSIONAL, CATHETEMETER 14)
DIMENSIONAL CYUMACHINE SQ. 3.0
DIMENSIONAL, DIAL INDICATORS 167.0
DIMF.._ GRaMqlTESTDS. 7.0
DIMENSIONAL L GAGE BLK COMPARITORS 2.0
DIMENSIONAL GAGE BLK STANDARD IOn
DIMENSIONAL, GAGE ELK WORKING 22.0
DIHEI_ HEIGHT GAGF.(EL__ 24,0
DIMENSIONAL, HEIGHT GAGF.(MECH) 2 I.O
DIH ENSIONAL LEVELS 26.0
DIMENSIONAL, LINEAR TRANSDUCER 114.0
DIMENSIONAL, MF.AS.MACHINE (PREC') 5.0
DIMENSIONAL, MEASURING WIRES 2.0
DIMENSIONAL, MICROMETERS 461.0
DIMENSIONAL, PARALLELBARS 8.0
12653 0.7
8.0 1.0
S.0 1.0
17.0 2..8
983 1.2
Bg._ 3.6
37.0 t .8
933 0.7
'$74.3 1.0
103 ZI
13 1.5
101.2 1.2
6.1 13
6.0 3.0
985.2 I I.I
404.3 4.0
103 33
288.8 6.7
17.2 1.3
169.1 1.0
21..2 4.2
I 5.7 Z6
6.5 6.5
22.5 2,8
7O.5 4.7
14.5 3.6
14.0 14.0
204.2 3.0
25..5 2.O
25.3 0.7
2/1.0 14.0
16.4 I il
490 0.7
360.9 0.9
11.5 1.0
57.3 1.6
184.3 0.9
3.0 3.0
53 In
153.8 0.9
9.5 IA
45 Z3
43,0 4.1
136.0 6.2
38.7 1.6
27.7 1.3
48.5 1.9
126.5 I.I
14.0 2.8
7.0 33
464.4 1.0
25.O 3.1
FIGURE 2a
21.0 Z0 1783.0
0.0 0.0 8.0
0.0 0.0 5.0
2.0 0.0 3.0
5.0 0.0 76.0
19.0 0.0 5.0
15.0 1.0 3.0
22.0 104.0 4.0
238.0 274.0 32.0
4.0 0.0 0.0
1.0 0.0 0.0
67.0 10.0 8.0
3.0 0.0 0.0
0.0 0.0 2.0
47.0 10.0 20.0
77.0 7.0 13.0
2.0 0.0 1.0
27.0 3.0 10.0
10.0 0.0 3.0
130.0 1.0 42.0
3.0 1.0 1.0
3.0 0.0 2.0
0.0 0.0 1.0
3.0 2.0 2.0
11.0 1.0 3.0
3.0 0.0 1.0
0.0 0.0 1.0
54.0 8.0 3.0
9.0 0.0 4.0
31.0 0.0 4.0
2.0 0.0 0.0
9.0 0.0 0.0
63.0 4.0 0.0
343.0 28.0 34.0
5 .0 1.0 6.0
24.0 0.0 12.0
1119.0 0.0 8.0
1.0 0.0 0.0
3.0 0.0 0.0
164.0 0.0 2.0
7.0 0.0 0.0
2.0 0.0 0.0
9.0 0.0 1.0
22.0 0.0 0.0
21.0 1.0 2.0
21.0 0.0 0.0
19.0 5.0 1.0
73.0 0.0 34.0
4.0 0.0 0.0
2.0 0.0 0.0
428.0 10.0 16.0
5.0 0.0 3.0
27.0
0.0
0.0
1.0
0.0
1.0
2-O
7-O
12.0
1.0
0.0
2.O
1.0
0.0
10.0
3.0
0.0
3.0
0.0
1.0
0.0
1.0
0.0
1.0
0.0
0.0
0.0
2.0
0.0
0.0
0.0
0.0
1.0
4.0
0.0
0.0
5.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
7.0
0.0
0.0 ._j
5.0
0.0
RELIABILITY ANALYSIS:
mSCMEASUREMENT STANDARDS AND CALIBRATION LABORATORY
SCA4.YEAR 1992
EOUIPMENTDESCRIPTIQH EE_ HOU_ HRurrm
REC'D
IN-TOL
REC'D
OUT OF TOL
REPJADI.
UMITED
DIMENSIONAL, PLUG GAGES 7.5.0
DIMENSIONAL, THREAD PLUGS 104.0
DIMENSIONAL, PROTRACTERS 37.0
DIMENSIONAL, RING GAGES 50.0
DIMENSIONAL, THREAD RING GAGES 157.0
DIMENSIONAL, RODS, LENGTH, MEAS. 20.0
FLOW INDICATORJCONTROLLER (EC) 8.0
FLOW INDICATOR/CONTROLLER (ED) 9.0
DIMENSIONAL SCALES/STRAIGHT EDGES 7.0
DIMENSIONAL SINE PLATES AND BARS 4.0
DIMENSIONAL SURFACE PLATES 9.0
FLOW TRANSDUCER 50.0
DIMENSIONAL, V BLOCKS 2.0
FLOW SIGNAL CONDITIONER 7.0
DETECTOR/DEMOD, NULL AC/DC, RF 11.0
FLOW VELOCITY INDICATOR/CONTROLLER- 11.0
DMDER, VOLTAGE 15.0
FLOW VELOQTY INDICATOR/CONTROLLER- 9.0
ENVIROHENTAL MERCURY DETECTORS 3.0
RLTER, BAND, HIGH/LOVV PASS 111.0
FLOW, GAS HOT WIRE 68.0
"LOW, LAMINAR STANDARDS 66.0
"_.._dORCE TORQUE TRANSDUCER 3.0
FLOW, ORRCE 9.0
FLOW, POSITIVE DISPLACEMENT 12.0
FLOW, ROTOMETER (GAS) 37 1.0
FLOW, ROTOMETER (UQUID) 59.0
FLOW, TURBINE (I._ID) 146.0
FLOW, TURBINE (GAS) 6.0
FORCE, DYNAMOMETERS 22.0
FOP.CE GAGES 139.0
FORCE, HYDRA SETS 3.0
FORCE, LOAD CELLS 33 1.0
RBER OPTIC LIGHT WAVE SOURCE 2.0
FORCE, MACHINE 7.0
RBER OPTIC TIME DOMAIN REFLECTOMETER 1.0
RBER OI_TIC POVVER METER 21.0
FORCE. STP,AIN INDICATORS 41.0
ALTIMETER 1.0
FORCE, TORQUE WRENCHES 925.0
FORCE, TORQUE VVKENCH TESTERS 29.0
FORCE, WEIGHING SYSTEMS S.0
GENEP,ATOR, FUNCTION 253.0
GENERATOR. FREQ. (RF/HICROWAVE) 176.0
GENERATOR. FREQ. (AUDIO/VIDEO) 100.0
GENERATOR. NOISE 17.0
GENERATOR, PULSE 113.0
GENERATOR, VIDEO/TELEVISION 68.0
GENERATOR,,SW'EEP 17.0
UMIDITY, DEW POINT HYGROMETER 9S.0
""-HYDROMETER 12.0
HUMIDITY, INDICATOR (RI-I) 44.0
142.0 1.9 59.0 0.0 I 1.0
140.0 1.3 103.0 0.0 0.0
311.3 1.0 31.0 2.0 3.0
8.5.0 1.7 49.0 1.0 0.0
159-5 1.0 145.0 12.0 0.0
35.0 1.8 20.0 0.0 0.0
2 1.0 2.6 2.0 0.0 5.0
I S.6 1.7 3.0 0.0 4.0
15.5 2.2 7.0 0.0 0.0
7.0 1.8 4.0 0.0 0.0
44.0 4.9 9.0 0.0 0.0
97.2 1.9 12.0 4.0 27.0
4.0 2.O 2.0 0.0 0.0
2.5 OA 0.0 0.0 7.0
16.4 1.5 9.0 0.0 2.0
14.6 1.8 2.0 0.0 2.0
30.6 2.0 IS.0 0.0 0.0
273 3.1 2-0 0.0 5.0
23) 0.7 1.0 1.0 0.0
100.5 5.6 13.0 1.0 4.0
128.1 1.9 10.0 1.0 47.0
168.0 2_5 40.0 0.0 25.0
5-5 1.0 1.0 0.0 2.0
52.5 5.8 S.0 1.0 3.0
196.9 16.4 5.0 2.0 4.0
693.3 1.9 58.0 0.0 256.0
101,2 1.7 22.0 0.0 320
135.2 0.9 79.0 0.0 S3.0
9.5 1.6 2.0 0.0 3.0
29.5 1.3 9.0 0.0 12.0
165.9 1,2 96.0 1.0 38.0
4.6 1.5 3.0 0.0 0.0
679.9 2.1 99.0 0.0 229.0
2.0 1.0 0.0 0.0 2.0
10.4 3.0 0.0 4.0
5.0 5.0 0.0 0.0 1.0
29.0 1.4 4.0 0.0 t6.0
59,2 1.4 33.0 1.0 4.0
2.0 2.0 1.0 0.0 0.0
1135.9 0.9 764.0 53.0 75.0
41.0 1.4 23.0 1.0 3.0
12.5 2._ 4.0 0.0 1.0
911.7 3.6 201.0 18.0 26.0
1172.8 S.0 99.0 28.0 41.0
243-2 2.4 78.0 7.0 13.0
46.9 2.8 16.0 1.0 0.0
291.9 3.5 65.0 6.0 11.0
543.9 11.0 57.0 8.0 3.0
136.0 8.0 7.0 3.0 5.0
22 1.4 2.3 9.0 0.0 73.0
17.0 1.4 7.0 1.0 3.0
83-2 1.9 6.0 0.0 33.0
S.O
1.0
1.0
O.0
O.0
0.0
0.0
2.0
0.0
0.0
0.0
3.0
0.0
0.0
O.0
4.0
0.0
2.0
O.0
O.0
6.0
1.0
0.0
on
0.0
11.0
4.0
13.0
1.0
1.0
4.0
0.0
3.0
O.0
O.0
O.0
1.0
3.0
O.0
33.0
1.0
O.0
5.0
5.0
2.O
0.0
1.0
O.0
2.0
7.0
1.0
2.O
FIGURE 2b
RELIABILITY ANALYSIS:
JSC MEASUREMENT STANDARDS AND CALIBRATION LABORATORY
FISCAL YEAR 1992
EOUIPMENT DESCRIPTION • EHS HOU__
REC'D
IN-TOL
REC*D
OUT OF TOL
REPJADI.
UHITED
CAL'D B_dECT__
INDUCTOR. DECADE
INDUCTOR. STD.
UGHT. LAMPS STANDARDS
UGHT WAVE. WAVELENGTH STANDARD
UGHT, METERS
UGHT. TRANSDUCER
MA.SS, BALANCES (PRECISION/WORKING)
MASS. SCALES (PLATFORM)
HA_ WEIGHTS STD
HASS, WEIGHTS (WORKING)
METER. ELECTROHETER
METER, FREQUENCY
METER. GAUSS
METER. UC
METER. OHM
METER., MILUOVOLT RF
METER. MODULATION
METER, MULTIMETERS
METER, PANEL AC CURRENT
METER. PANEL AC VOLT
METER PANEL VAR
METER, PANEL DC CURRENT
HETER PANEL WA'I-i"
METER, PANEL DC VOLT
METER, PHASE
METER. PORTABLE AC CURRENT
METER. PORTABLE AC VOLT
METER, PORTABLE DC CURRENT
METER. PORTABLE DC VOLT
METER, POWER BELOW 10MHZ
METER, POWER ABOVE 10MHZ
METER, Q METER
METER. THERMAL TRANSFER (REG/STD)
METER. DIFFERENTIAL
METER. DIGITAL
METER. DIGITAL PREC. (REC. MFG. CODE)
METER, DIGITAL 12 HONTH CYCLE
METER, V'WH/TVM (BATTERY TYPE INC.)
HETER. WATT (4 TERMINAL)
METER, WOW AND FLUTTER
HDCEPJHODULATOR
OPTICAL COLUMATOR.5, AUTO
OFTICAL COLMHATORS, RANGE
OPTICAL CUBES AND POLYGONS
OPTICAL INDEX TABLES
OPTICAl.. INTERFEROHETER (POINTING)
OPTICALLEVELS
OPTICALPRZStm(ALLTYPES)
OPTICAL TELESCOPES. MICROH ETERS
OPTICAL THEODOLITES (ALL TYPES)
oFnc._ TP,ANSn"(ALLWPES)
CALIB. LABORATORY STANDARD
2.0 5.0 2.5 1.0 0.0 1.0 0.0
10.0 4.0 0.4 0.0 0.0 10.0 0.0
2.0 20.0 10.0 1.0 0.0 1.0 0.0
13.0 56.0 4.3 13.0 0.0 0.0 0.0
60.0 3583 6.0 33.0 9.0 13.0 3.0
4.0 32.0 8.0 4.0 0.0 0.0 0.0
128.0 244. I 1.9 I 01.0 8.0 I 0.0 4.0
64.0 124.9 2.0 51.0 3.0 6.0 3.0
16.0 26.5 1.7 12.0 0.0 4.0 0.0
199.0 224.0 I. I 187.0 10.0 2.0 0.0
2.0 4.0 2.0 1.0 0.0 0.0 1.0
8.0 8.4 I. I 5.0 1.0 2.0 0.0
5.0 6.0 1.2 2.0 0.0 3.0 0.0
67.0 139.7 2.1 11.0 5.0 51.0 0.0
78.0 82.5 I. I 59.0 2.0 14.0 2.0
19.0 57.5 3.0 12.0 3.0 1.0 3.0
26.0 118.6 4.6 16.0 5.0 4.0 1.0
117.0 142.5 1.2 71.0 16.0 20.0 10.0
4.0 4.6 1.2 3.0 0.0 0.0 1.0
4.0 4. I 1.0 3.0 0.0 0.0 1.0
18.0 I I.I 0.6 17.0 0.0 1.0 0.0
24.0 18.6 0.8 18.0 0.0 5.0 1.0
3.0 1.6 03 3.0 0.0 0.0 0.0
42.0 29. I 0.7 40.0 2.0 0.0 0.0
27.0 119.5 3.3 17.0 1.0 8.0 1.0
36.0 39. I I.I 24.0 0.0 9.0 3.0
5.0 7.0 1.4 5.0 0.0 0.0 0.0
28.0 19.5 0.7 27.0 0.0 1.0 0.0
9.0 10.7 1.2 8.0 0.0 1.0 0.0
17.0 18.6 I.I 15.0 0.0 0.0 2.0
87.0 168.5 1.9 68.0 4.0 I5.0 0.0
2.0 3.0 1.5 2.0 0.0 0.0 0.0
7.0 45.2 6.5 7.0 0.0 0.0 0.0
43.0 102.0 2.4 29.0 7.0 1.0 6.0
579.0 638.5 hi 402.0 107.0 60.0 9.0
540.0 659.8 1.2 370.0 I 01.0 64.0 5.0
610.0 508.3 0.8 503.0 64.0 32.0 9.0
229.0 269,8 1.2 168.0 39.0 14.0 7.0
70.0 76.7 I.I 50.0 18.0 1.0 1.0
9.0 67.9 7.5 4.0 0.0 4.0 0.0
1.0 1.5 1.5 1.0 0.0 0.0 0.0
2.0 6.0 3.0 2.0 0.0 0.0 0.0
3.0 5.0 1.7 3.0 0.0 0.0 0.0
1.0 2.0 ZO 1.0 0.0 0.0 0.0
6.0 6.5 I.I 6.0 0.0 0.0 0.0
5.0 5.0 1.0 3.0 0.0 2.0 0.0
6.0 8.0 13 6.0 0.0 0.0 0.0
1.0 2.0 2.0 1.0 0.0 0.0 0.0
7.0 16.0 2.1 7.0 0.0 0.0 0.0
2.0 6.0 3.0 2.0 0.0 0.0 0.0
28.0 61.0 2.2 28.0 0.0 0.0 0.0
18.0 59.4 3.3 15.0 0.0 3.0 0.0
FIGURE 2c
RELIABILITY ANALYSIS:
'_ MEASUREMENT STANDARDS AND CALIBRATION LABORATORY
,CAJ. YEAR 1992
EOUIPMIgq'T DESCRIPTION HOU_
REC'D
REC'D OUT OF TOL UMrTED
IN-TOL __BJ_L6J_
OSCILLOSCOPES 887.0
PHASE SHIFTER 2.0
PHYSICAL, CRIMP TOOLS 1419.0
PHYSICAL, HARDNESS TESTERS 20.0
PHYSICAl., VVIRE STRIPPER 133.0
PHYSICAl., PARTICLE CCXJN'I"ERS 34.0
MEDICAL SIMULATION/MONITOR 2.0
PHYSICAL, TACHOMETER 4.0
PHYSICAL, PH METER 4.0
PLUG-IN, COUNTER 28.0
PLUG-IN, DIGITAL 3.0
PLUG.IN, GENERATOR 2.0
PLUG-IN, OSCILLC_COPES 772.0
PLUG-IN, RF PVVR MTR CALORIMETER 124.0
PLUG-IN, OTHER 7.0
POTENTIOM ETEP,.S 2.0
POWER SUPPUES, AC 6.0
POWER SUPPUES, DC 127.0
PRESSURE DEADVVEIGHT TESTERS 4.0
PRESSURE, GAGES (PSlG, PSiA. PSID) IS31.0
_.ESSURE, REUEF VALVES/SWITCHES 8.0
.ESSURE SIGNAL CONDITIONER 5.0
",--,-t'RESSURE, TRANSD. (PSIG, PSIA, PSID 434.0
PRESSURE. STDS (Uq. iN GUESS) 12.o
STANDARDS. VOLTS, AC/DC 236.0
ALTIMETER 7.0
PRESSURE INDICATOR/CONTROLLER 4.0
PROBE. CURRENT AMPURER 7.0
PROBES (ALL TYPES) 9S.0
RADAR/RADIO TEST SET 21.0
RATIO DEVICE 4.0
RECORDERS 37.0
R_OR. DECADE 91.0
RESISTOR. STANDARD/TERMINATION 156.0
TEMINATION (Rr4MICROWAVE) 1.0
RESOLVERS, _f'NCHO STANDARD 3.0
SHUNTS, AC./DC 330.0
STANDARDS, CURRENT 5.0
STANDARDS, FREQUENCY 4.0
STROBE SCOPE 8.0
TEMPERATURE. RECORDER 27.0
TEMP. CONTROLLERS/RECORDERS 69.0
TEMPERATURE. TRANSDUCER 21.0
TEMPERATURE, TC SIMULATOR/CALIBRATOR 8.0
TEMP. GAGES 18.0
TEMPJI-IUMIDITY(RH) RECORDERS 131.0
TEMP., INDICATORS 75.0
TEMP, JUNCTION REFERENCE BOX 51.0
"EMP. METER. DIGITAL 153.0
_MP., PLAT. RES. THERMOMETER 110.0
"-"TEMP, RADIOfq ETEIVI_(ROH EUOM ETER 2.0
TEMP., THERMOCOUPLES 99.0
1975. I 2.2 745.0 83.0 46.0 12.0
12.0 6.0 1.0 0.0 1.0 0.0
786.2 0.6 50.0 0.0 1338.0 26.0
24.0 1.2 13.0 0.0 7.0 0.0
102.0 0.8 97.0 0.0 36.0 0.0
98.0 2.9 33.0 0.0 1.0 0.0
I 1.5 S.8 1.0 1.0 0.0 0.0
4.5 I.I 3.0 0.0 1.0 0.0
7.0 1.8 1.0 0.0 2.0 1.0
22.2 0.8 27.0 0.0 1.0 0.0
2.0 0.7 2.0 0.0 0.0 1.0
53 2.8 2.0 0.0 0.0 0.0
1068.3 1.4 682.0 65.0 20.0 4.0
114.8 0.9 94.0 1.0 23.0 4.0
7.6 I.I 6.0 0.0 0.0 0.0
17.0 8.5 2.0 0.0 0.0 0.0
16.5 2.8 4.0 0.0 1.0 1.0
286.4 2.3 92.0 4.0 24.0 3.0
10.0 2_ 4.0 0.0 0.0 0.0
2723.2 1.8 1022.0 146.0 285.0 44.0
I 1.5 1.4 6.0 2.0 0.0 0.0
12.5 2.5 1.0 3.0 0.0 1.0
832. I 1.9 202.0 18.0 139.0 10.0
35.6 3.0 10.0 0.0 2.0 0.0
684.6 2.9 157.0 44.0 30.0 5.0
24.0 3.4 6.0 1.0 0.0 0.0
2.33 5.9 0.0 0.0 3.0 1.0
7.2 1.0 7.0 0.0 0.0 0.0
162.3 1.7 64.0 3.0 24.0 4.0
140.9 6.7 8.0 6.0 5.0 2.0
15.0 3.8 4.0 0.0 0.0 0.0
993 2.7 23.0 9.0 4.0 1.0
102.9 I.I 64.0 3.0 24.0 0.0
189.8 1.2 131.0 1.0 24.0 0.0
1.0 1.0 1.0 0.0 0.0 0.0
10.0 33 2.0 0.0 1.0 0.0
152.5 0.5 143.0 22.0 164.0 1.0
163 33 3.0 0.0 2.0 0.8
3.0 0.8 4.0 0.0 0.0 0.0
8.5 I. I 5.0 2.0 1.0 0.0
47.0 1.7 18.0 0.0 9.0 0.0
I I 1.0 1.6 28.0 4.0 32.0 5.0
17.0 0.8 18.0 1.0 2.0 0.0
13.3 1.7 7.0 0.0 0.0 0.0
38.0 2.1 10.0 0.0 4.0 4.0
252.9 1.9 15.0 0.0 I 14.0 2.0
128.4 1.7 36.0 8.0 2.5.0 4.0
62.4 1.2 44.0 on 4.0 3.0
242.1 1.6 117.0 7.0 21.0 4.0
1083 1.4 20.0 0.0 $6.0 4.0
2.0 1.0 2.0 0.0 0.0 0.0
104.6 I.I 2.2.0 1.0 72.0 1.0
FIGURE 2d
RELIABILITY ANALYSIS:
JSC MEASUREMENT STANDARDS AND CALIBRATION LABORATORY
FISCAL YEAR 1992
EQUIPMENT DESCRIPTION rrEm HOU_ HRs/rrm
REC'D
IN-TOL
REC'D
OUT OF TOL
REPJADI.
UMITED
_v
TEMP. THERMOMETERS
TEMPERATURE, SWITCH
TELEVISION MONITOR
TEMPERATURE, THERMISTOR
TEMP. TRANSDUCERS
TEST SET
TEST SET (6 MO.)
TIME DOMAIN REFLECTOMETER
TESTER, HIGH POTENTIAL
TESTER,,TRANSISTOR, TUBE, DIODE
TEST SET (12MO.)
TESTER,TRANSMISSION UNE
TRANSFORMER, CURRENT
TRANSFORMER, VOLTAGE
VACUUM INDICATOR/CONTROLLER
VACUUM. CAPACITANCE MANOMETER
VAC_ GAGE CONTROLLER
VAC, ION TUBES
VAC,, TIC TUBES
VAC., LEAK DETECTOR
VACUUM, STANDARD
VECTORSCOPE
WATT TRANSDUCER, LOW FREQUENCY
91.0 II 1.5 1.2 45.0 2.0 43.0
2.0 4.0 2.0 0.0 0.0 2.0
92.0 608.5 6.6 67.0 21.0 4.0
64.0 79.7 1.2 3.0 1.0 57.0
2.0 5.0 2-S 0.0 1.0 1.0
9.0 42.0 4.7 5.0 0.0 1.0
58.0 270.3 4.7 21.0 S.0 28.0
13.0 60.5 4.7 10.0 1.0 0.0
19.0 28.2 1.5 17.0 1.0 1.0
5.0 I 1.0 2.2 3.0 1.0 1.0
88.0 247.8 2-B 36.0 4.0 23.0
40.0 135.5 3.4 35.0 2.0 1.0
123.0 I 01.0 0.8 66.0 3.0 54.0
5.0 6.5 1.3 5.0 0.0 0.0
1.0 2.0 2.0 1.0 0.0 0.0
62.0 180.2 2.9 19.0 6.0 34.0
104.0 282. I 2-7 40.0 3.0 52.0
26.0 77.0 3.0 19.0 0.0 5.0
60.0 106.7 1.8 15.0 0.0 34.0
2.0 1.0 0.5 0.0 0.0 1.0
2.0 8.0 4.0 0.0 0.0 2.0
8.0 49.0 6. I 7.0 1.0 0.0
7.0 12.5 1.8 S.o 2.0 0.0
1.0
0.0
0.0
0.0
0.0
1.0
3.O
2.O
0.0
0.0
8.0
2.0
0.0
0.0
0.0
3.0
7.0
2.O
II.0
0.0
0.0
0.0
0.0
CATEGORY TOTALS 20186.0 32227.2 11433.0 I S20.0 65020 490.0
AVERAGE HOURS PER ITEM
PERCENT RECEIVED IN TOLERANCE
PERCENT REC'D O-O-T REP.AND/OR AD_D
PERCENT CLASSlRED AS UMITED CALIBRATION
PERCENT REJECTED
PERCENT ALL OTHER CI.A_IRCATIONS
1.6 HOURS/ITEM
S6_ PERCENT
7._ PERCENT
32.2 PERCENT
2.4 PERCENT
1.1 PERCENT
FIGURE 2e
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John F. Kennedy Space Center
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1992 CALIBRATION PROGRAM STATUS REPORT
Presented by
John P. Riley
Standards and Calibration
Engineering, Energy, and Laboratory Management Branch
Project Engineering and Integration Division
Sixteenth NASA Metrology and Calibration Workshop
April 20 - 22, 1993
Rockville, Maryland
INTRODUCTION
This report addresses the activities of calibration service
organizations at the Kennedy Space Center (KSC) during fiscal
year 1992. Material was provided by the three major NASA
contractors at KSC an_ the report was prepared by the
Engineering, Energy, and Laboratory Management Branch, Project
Integration Division of the Center Support Operations Directorate
for presentation at the NASA Metrology and Calibration Working
Group's annual workshop.
The KSC Standards and Calibration Laboratory is operated for
NASA by the Base Operations Contractor (EG&G). This facility
provides measurement traceability to the National Institute of
Standards and Technology (NIST) through the calibration of
transfer and working standards for all organizations at KSC, and
calibration program services for government and contractor
organizations authorized to use base support services. The
Payloads Ground Operations Contractor (McDonnell Douglas) and the
Shuttle Processing Contractor team (Lockheed, Grumman and
Bionetics) are tasked with providing in-situ and laboratory
calibration support to their respective organizations. The
acronyms BOC, PGOC, and SPC are used to identify these
contractors.
CALIBRATION RECALL CONTROL
Most calibration recall is accomplished using Metrology
Information System Local Area Networks (MIS-LAN's) which link
work stations to central file servers. Novell and Clipper are the
standard configuration for both the BOC and SPC local area
networks. PGOC utilizes their mainframe based Repeatable
Maintenance Recall System for calibration recall control.
WORKLOADAND PRODUCTIVITY
At year end there were 64856 instruments in active recall control
systems. Calibration org_r, izations performed 85919 service
events while processing 68528 instruments. This is an increase
of 9% over FY 91. Service events for the last five years are
categorized in Figure 1.
70-'
R
z ,_, 60-
U.I "0
_ o40-
U.I
¢n
20-
10-
0
KSCCALIBRATION
SERVICEEVENTS
I
FY88 FY89 FY90 FY91 FY92
i STDs_sT_/_ u_c_.
REPAIRI---]CLEAN
/ IN-SITUCAL
Figure I. Calibration Service Events.
MANNING
Total contractor calibration head count was 144 at year end.
Civil Service head count is four. Contractor headcount
increased by one over the FY91 level. Manning and skill mix for
the last five years are given in Figure 2.
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Figure 2. Calibration Manning and Skill Mix.
NATIONAL INSTITUTE OF STANDARDSAND TECHNOLOGYSERVICES
The open end contract with NIST for test services, measurement
assurance program services, and standard reference materials was
funded with $56,000 in FY92. The contract will be funded with
$61,000 in FY93 bringing tile total cor_tract value to $525,000.
Anticipated 1993 NIST Services
Frequency Service Upgrade Capacitance Diaphragm Gages
Solid State Volt Standards Platinum Resistance Thermometers
Gage Blocks (Inch and Metric) Proving Rings
Master Thread Wires Spectral Irradience Standards
Fiber Optic Power Meter MAP Service Deadweight Piston Gages
SIGNIFICANT ACCOMPLISHMENTS
Significant accomplishments in productivity improvement through
automation of calibration and calibration support processes and
upgrading measurement capability to support identified
requirements are listed and attributed in the following
paragraphs:
I • Continued program to implement ITS-90 by acquiring
additional freezing points (Gallium, Indium, Tin, Zinc) and
furnaces. Acquired a state of the art automated DC
resistance ratio bridge and scanner switch for PRT
calibration. Acquired a water triple point maintenance bath
and additional triple point cells (NASA, BOC).
• Began upgrade and automation of mass measurement
capabilities. Replaced a labor intensive mechanical
balance with electronic mass comparators for calibration
of piston gage weights and scale test weights (BOC).
3. Established new capability to calibrate Hydra-Sets (SPC)
4. Brought vacuum calibration system, on line (SPC).
• Developed and implemented a revised Calibration Laboratory
Hazardous Waste Management Plan (SPC).
6. Developed software to automate torque wrench calibration
process (PGOC).
• Automated data reduction and data sheet printing for
industrial platinum resistance temperature probes (SPC).
-4-
••
10.
11.
12.
13.
Automated RF and Microwave signal generator and
calibration (SPC).
attenuation
Acquired automated/semiautomated systems for calibration of
digital multimeters, oscilloscopes, and dimensional gages
(PGOC).
Improved in-situ calibration capability to further reduce
downtime for payloads processing and Shuttle logistics depot
test and measurement systems (PGOC, BOC).
Continued improvements to MIS-LAN's to increase ad-hoc
capabilities, interfaces with metrology engineering LAN's,
interfaces with KSC broad band for SPDMS 2, accessibility
at remote sites° and addition of bar code reader capability
(BOC, SPC).
Completed installation and operational testing of Vacuum
Leak Rate Calibration System. Completed uncertainty
analysis and developed test report formats. The system was
put into production in January 1993, and leak artifact
calibration services are now available to all NASA field
installations (BOC).
Continued to support the NASA Metrology Working Group
by working KSC lead items to upgrade NASA metrology
infrastructure. Revised NASA Standards and Calibration
Directory (NASA, BOC).
v
•
•
•
•
•
•
FUTURE ACTIVITIES
Continue upgrade of mass measurement capabilities by
acquisition of automated mass comparator weight handler
systems to replace mechanical balances (NASA, BOC).
Develop capability to calibrate RF power meters
MSBLS test equipment used at TAL sites (SPC).
to support
Develop systems to extend cryogenic temperature
for RTD's and temperature switches below
boiling point (BOC, SPC).
calibration
the nitrogen
Procure and bring on line torque calibrators to replace Apollo
era opto-mechanical units (SPC).
Develop capability to calibrate wide band voltmeters over the
frequency /voltage ranges 1 to 15 MHz and 3 to 10 volts (SPC).
Continue efforts to develop alternatives to CFC based
cleaning and analysis technology• Provide funding to WSTF
for study of gage cleaning process alternatives (NASA)•
v
-5-
• Identify, and establish capability to meet, the calibration
requirements of Space Station Freedom MTE (NASA, PGOC, BOC).
t
8. Revise and publish NASA Measurentent Capabilities
in 1994 (NASA, BOC).
•
Document
Continue participation in established NASA Resistance,
Volt, Temperature, Acceleration, and Microwave MAP's (BOC).
10. Continue MAP Handbook development. Obligate and cost funds
allocated for the project in FY94 (NASA).
CONCERNS
Laboratory Facilities. The BOC, PGOC, and SPC are impacted by
lack of adequate calibration facility space. New measurement
capabilities continue to be installed resulting in overcrowding
of laboratory work areas. The SPC Calibration Laboratories which
occupy VAB floor space require relocation. The SPC anticipates
some consolidation by acquiring additional floor space in the
Central Instrumentation Facility. However, the age of this
facility, the inadequacy of the environmental control system, the
delay and high cost impact of asbestos abatement required before
performing even minor repairs and modifications is a concern.
The Construction of Facilities Plan has a 1998 line item for a
Standards and Calibration Laboratory Facility• Meanwhile,
acquisition of several major measurement capability upgrades will
be slipped awaiting construction of laboratory facilities.
CFC Based Cleaning/Analysis Technology. KSC has an active Ozone
Depleting Substance Replacement Program and has achieved success
in developing and implementing alternatives to cleaning processes
which rely on Freon 113. A study of alternative methods of
cleaning and analysis which would be effective for pressure gages
and transducers is under way. However, an acceptable ntethodology
which is both cost effective and environmentally benign has yet
to be developed and successfully tested•
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(FIGURE 1)
I. ABSTRACT/SUMMARY
This report will describe the metrology and calibration activities at Lewis
Research Center which is operated by Cortez Ill Service Corporation of
Albuquerque, New Mexico. Cortez III is currently in the second year of theft
second - five year contract awarded by LeRC to operate the Calibration
Facility.
Topics will include; Contractor responsibility and actions, Mandatory Recall
system, Equipment forecasting, New equipment tracking system (Metrack),
Intercenter pressure support and plans for the future.
II. PROGRAM OVERVIEW (FIGURE,?)
Instrument Support Services, of Cortez HI Service Corporation is responsible
for three basic functions being:
a) Acceptance testing all (100%) new and O.E.M. repaired instruments
and repair and/or calibrate in all measurement disciplines.
b) Maintain Lewis' reference and working standards in these disciplines
including maintenance of a mandatory recall program.
c) Provide engineering support through procedure generation, instnunent
evaluation prior to buy and special measurements.
,_..j
Briefly described, the organizational structure (FIGURE 3) includes six work
centers responsible for certain tasks as follows:
SUPPORT SERVICES (Logistics) is responsible for the logistics and
property management functions such as data processing, work order call-in
and record keeping of mandatory recall information.
FLOW CALIBRATION is located at LeRC and performs gas and liquid
flow calibrations, maintenance and calibration of all Lewis' gas analysis
systems, mass spectrometer type leak detection equipment and vacuum
pumping systems.
QA/ENGINEERING enforces the Quality Assurance Plan and supports any
special measurements or test evaluation requirements.
GENERAL INSTRUMENT SERVICES maintains all video, communi-
cations and analog instrumentation.
PHYSICAL/MECHANICAL CALIBRATION is responsible for
calibration of force, temperature, torque, pressure and the primary pressure
standards lab.
ELECTRICAL/ELECTRONIC CALIBRATION maintains all the digital
and controllable electronics as well as the primary electrical standards lab.
CALIBRATION & REPAIR ACTIVITIES FY'92
• Acceptance Inspections
• Flow Calibrations
• General Instrument Services
• Physical/Mechanical Calibration Services
• Electrical/Electronic Calibration Services
3,220
585
3,660
4,099
3,074
IlI. MANDATORY RECALL
v
Trying to implement a mandatory recall program at LeRC in FY'87 was very
fi-ustrating. Meeting then with members of the Equipment Utilization
Committee and the Instrument Applications Office indicated complete
agreement with a recall program, but from 278 questionnaires sent throughout
Lewis, only 52 responses from users were returned identifying 521
instruments to be included in the database. Currently, we have 2,173 user
items and adding 1,260 items on recall from the Calibration Laboratory's GFE
equipment. Along with the great success of the mandatory recall, other spin-
offs have resulted. The Cal Lab's compliment has decreased and the overall
work production has increased in all disciplines.
Research in Space Station Power, Aeronautics and the Hypersonic Aircraft
have resulted in increased instrument buys which have impacted scheduling at
the Calibration Lab. The biggest problem area has been in the General
Instrument Services area (amplifiers, signal conditioners, power supplies and
chart recorders) where we are trying to automate even more and where
additional manpower and standards are needed.
IV. EQUIPMENT FORECASTING (FIGURE4)
In the past, Instrument Pool and user forecasting was performed in a lengthy
laborious spreadsheet system where research divisions had to provide
instrument needs for research programs in the upcoming year. In fiscal year
'93, a new abbreviated method of instrument forecasting was implemented
through a center wide networking computer system. With the early success
of this system, fiscal year '94 instrument forecasting is being completely filled
4
via the Lewis Instrument Pool System (LIPS). Each R & D user (with funds)
may submit a request of needed instruments through LIPS which is then
compiled for purchase which in turn permits large quantity discount buys.
V. EQUIPMENT TRACKING SYSTEM (METRACK)
_v
In September of 1991, when support for NASA Metrology Information
System (NMIS) was discontinued, it was decided that NMIS would be used
to store only history data on instruments. The first step in breaking away
from NMIS was redesign of the Calibration Lab work order to take the place
of the previously used 1621 document. The new work order was custom
designed to fit the needs of the Calibration Lab. Next, a mandatory recall
database system was created based on input and suggestions from various
sources. This provided immediate control over the mandatory recall situation,
since NMIS proved to be unreliable. The next step involved tying the
mandatory recall system into the work order system. This new metrology
tracking system 0Vletmck) provides immediate update of mandatory recall
records each time a recall item is serviced. In addition to the many reports
that can be generated, it provides history data sheets to aid the technician in
servicing of equipment.
VI. INTERCENTER SUPPORT
The Calibration Laboratory has a unique capability of testing up to 20
pressure transducers at one time over temperature conditions from -20°F to
225°F. This enabled the Space Shuttle Program to calibrate pressure
transducers (150 Gould, 280 Kulite sub-miniature) over flight temperature
range and replace 30 Gould and 40 Kulite pressure transducers on the
5
Columbia that did not meet Space Shuttle Program specifications. These
transducers were evaluated to determine the aerodynamic load distribution on
the Orbiter Columbia.
VII. NEW INITIATIVES
Currently Cortez III is managing a contract with Sundstrand Data Corporation
in Washington who are calibrating three axis micro-gravity accelerometers
and their electronics for a Lewis Space Acceleration Measurement System
(SAMS) program. Cortez In with the consent and financial approval fi'om
Lewis, will develop an in-house capability which will relieve present shipping
and communications problems which would be more cost effective.
v

Total Quali_
Calibration Laboratory
Staffing
) Section Manager
) Supervision
) QA/Calibration Engineer
) Flow Calibration Engineer
) Technicians
) Systems Analyst
) Logistics Support
) Computer Operator
) Secretary
) Supply Technician
1
4
1
1
23
1
3
1
1
1
.,_j
TOTAL COMPLIMENT 37
Cortez III Service Corporation
(FIGURE3)
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METROLOGY PROGRAM STATUS REPORT- 1992
1. SCOPE
This report provides information relative to the Metrology Program at
John C. Stennis Space Center (SSC), Mississippi, which conducts program
operations through the SSC Measurements Standards and Calibration Laboratory
(MS&CL), hereinafter referred to as the MS&CL or the laboratory. Information in
this report includes MS&CL mission, staffing, upgrades, activities [including
NASA Metrology Information System (NMIS) and related Stennis Metrology
Management System (SMMS) activities], production, training, and future plans.
2. MISSION
The primary mission of the MS&CL is to provide services for
instruLmentation calibration, repair, and cleaning/maintenance in support of the
Space Shuttle Main Engine (SSME) testing program. The secondary mission is to
provide these services for the other 18 federal and state agencies in residence at
SSC. Upcoming NASA projects that will require SSC MS&CL support are the
Advanced Solid Rocket Motor (ASRM), the National AeroSpace Plane (NASP),
and the New Launch System (NLS).
3. ADMINISTRATION
All SSC Metrology Program activities are handled by the SSC MS&CL,
which is operated for NASA by Sverdrup Technology, Inc., headquartered in
Tullahoma, Tennessee. Although the MS&CL operates as an organizational unit
of the Sverdrup SSC Group Technical Services Department, its activities and
operations are subje_'t to the authority of the NASA/SSC Technical Operations
Manager.
4. REQUIREMENTS
All MS&C technical operations are subject to the policies and procedures
set forth in applicable NASA Management Instructions and in the Sverdrup
Quality Assurance Manual. MS&CL operationsarealsosubjecttosurveillanceand
inspection by the Defense Contract Management Command(DCMC). To ensure
MS&CL compliance with all operational requirements, a Standards and
Calibration Laboratory Operating Procedures Manual has been written and
implemented.
Quality Assurance (QA) uses statistical process control (SPC) to record,
track, and provide trend analyses and statistics of defects discovered in the final
process of calibration service deliverables. Defect analysis data are used by
MS&CL to control/correct defects to the lab/technician level. Defect statistics,
provided to the laboratory weekly, monthly, quarterly, and annually, are used to
control and improve calibration processes.
5. STAFFING
The SSC MS&CL consists of six primary service areas:
• Metrology Engineering
• Primary Standards/Calibration
• Physical/Mechenical Calibration
• Electronic Calibration/Repair
• Prototype Development
• Laboratory Support Services.
The MS&CL is staffed by contractor personnel as follows:
Posltlon Number
Manager 1
Engineers 2
Supervisors 3
Technicians 45
Administrators 6
Couder 1
Total 58
Staffing was increased in 1992 from 48 to 58 due to Sverdrup reorganization
that added the Prototype Development Laboratory to the MS&CL section.
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6. UPGRADES
A three-phase project to modernize and upgrade MS&CL facilities and
capabilities was planned in 1985, initiated in 1986, and completed in March of
1992. Phases I and I1 provided a laminar flow design Primary Standards
Laboratory and a facility for laboratory management and engineering metrology
services. Phase IH provided a major upgrade of the Electronic Calibration and
Repair Laboratory by the addition of 6332 ft2 to the facilities in Building 8110.
This project upgraded marginal facilities, increased laboratory space from 11,842
to 22,625 ft2, and resulted in an excellent Measurement Standards and Calibration
Laboratory.
During the period of this project there was also an intensive modernization
and upgrade of MS&C equipment to improve laboratory capability, process,
productivity, and services. Signifl'c_t improvements were attained by the
replacement of obsolete standards and the upgrade of existing standards, the
development of new measurement capabilities, and the procurement of
equipment to automate the calibration process. Approximately 85% of laboratory
calibration processes were computer automated, utilizing calibration software
programs written by SSC MS&CL personnel. NASA's procurement of the
laboratory standards and the expansion/upgrade of facilities and operations were
achieved by funding as indicated in Figure 1.
2.S 2S.0
@ Sllmdarde Upgnlde _ Facility Upgrade
0.0 , , , , 0.0
116 87 88 89 I10 I11 112 93
FIooII Year
Flgm 1. SSC MS&CL Upgrm_.
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During FY92, major improvements were made in the following MS&CL
measurement areas:
• Dewpoint
• Dimensional Measurement
• AC/DC Voltage
• Temperature
• Mass
• Force
• Wind Tunnel
• Gas Flow
• Automation.
The MS&CL has also developed new capabilities in the following areas:
• Repair/calibration of the Guildline auto-salin/zation
instruments
• Uninterruptable power supply CUPS) repair and preventive maintenance
program
• Electric field mill instrumentation calibration used for si0ewide lighlzfing
detection
• Software applications (Section 7.4).
Planned future procurements will provide upgrade of MS&CL measurement
capabilities in the following areas:
• Vibration
• Fiber Optics
• Force
• Flow (Gas & Liquid)
• Roughness Measurement
• Laser D/mensional Measurement
• Automatic Vacuum Calibration
• Automatic Instrumentation Calibration
• Automatic Temperature Calibration.
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7. ACTIVmES
7.1 Personnel
SSC MS&CL personnel participated in three separate artifact measurements
m the NASA Accelerometer Measurement Assurance Program (AMAP) sponsored
by NASA's Jet Propulsion Laboratory UPL) in Pasadena, California. Measurement
data taken during SSC MS&CL calibration of transfer standard accelerometers
were reported and evaluated by TPL and were well within the "... comparison
calibration uncertainty over the test frequency range." The S&CL's participation
in the NASA Measurement Assurance Program (MAP) will improve the
uncertainty of the SSC accelerometer measurement process.
An SSC MS&CL technician initiated a technical paper that was accepted for
presentation at the Annual National Measurement Science Conference (MS(:) in
Anaheim, California. The technical paper (entitled "Semi-Automated Mass Weight
Calibrations") presented information and a process for mass calibration.
7.2 TMAP
The Temperature Measurement Assurance Program CI'MAP), initiated by the
SSC MS&CL through the NASA Metrology and Calibration Working Group and
funded by NASA HQ as a Research Technology Operations Plan (RTOP), is
nearing completion of the first phase. During 1992, artifacts were sent to nine
participating NASA installations for temperature measurement at the triple point
of water (IPW). MS&CL engineering and technical staff have completed planning,
implementation, coordination, baseline measurements, data collection, and
monthly reports of TMAP activity; and plans are under way to inJ_dize the
second phase, which will include measurement comparisons using fixed-point
intrinsic standards. A presentation of TMAP progress and accomplishments will
be made at the next NASA Metrology and Calibration Working Group annual
'workshop.
This NASA-wide TMAP will serve to assess and intercompare the ability of
participants to prepare, measure, and document a TPW resistance measurement
of Standard Platinum Resistance Thermometers.
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7.3 NMIS
No major problems were encountered with the NASA Metrology
Information System (NMIS); however, there were occasional periods of downtime
due either to mainframe downtime or to NMIS inflexibility in retrieving
meaningful data in customized report format. (Presently, NMIS provides only
"canned" reports.) Although the SSC MS&CL continues its active use of NMIS as
its only Calibration Management System (CMS), it is planning to replace NMIS
in FY93 with a new CMS identified as the Stennis Metrology Management System
(SMMS).
MS&CL personnel have identified requirements intrinsic to SMMS design
and development. SMMS modules, tables, files, and transaction reports, together
with descriptive information of the system operating requirements and a block-
by-block description of the new SMMS Calibration Maintenance Report (CMR),
were developed. The CMR is designed to provide calibration action/status/data
information for the customer without the use of codes. In addition, it will be used
to drive the new SMMS.
Design, development, and installationof software for the initial
implementation of the new SMMS were completed by SSC Data Services
personnel on October 16, 1992. This software initiated the use of the SMMS
Technical Work Request (TWR) module, which enables the data input and
generation of TWR's. This module will also create the database required to print
the new CMR.
Development and implementation of the new SMMS is as follows:
• Phase I -- Processing of non-NASA equipment (FY93)
• Phase H- Processing of online NASA equipment fFY93)
• Phase IlI- Implementing a paperless system (TBD).
7.4 Software Applications
A UNIX-based workstation, with network interface cards and software
operaling system recommended by the MS&CL for NASA procurement in FY91,
hasbeenreceivedand is being configuredfor operation with the MS&CL local
area network (LAN). This workstation will be used as a network server for the
SMMS, with networking services provided by LAN Manager for UNIX, and as
a server for Hewlett-Packard's Shared Resource Manager (SRM). The SRM
function will allow for the central storage of calibration data taken by the older
Hewlett-Packard equipment controllers, thereby preserving a significant
investment in software applications generated by MS&CL technicians for
equipment calibrations.
Nineteen new equipment controllers were also received by the MS&CL as
part of the FY92 purchase buy. The controllers are 386SX machines equipped with
network interface cards and IEEE-488 general purpose interface bus (GPIB) cards,
which will facilitate their use on the LAb/ and as calibration equipment
controllers. These machines will replace/augment existing Hewlett-Packard
controllers that have been in use since 1986, and standardize the use of DOS-
based machines throughout the laboratory. Formal training was also provided for
two MS&CL personnel to fulfill the duties of LAN system administrators, which
will help ensure proper system operation, maintenance, and administration.
8. PRODUC_ON
Total SSC MS&CL calibration service production in 1992 is shown in Table I.
(The functions identified in this listing represent the internal structure of the
laboratory.) Figure 2 provides breakdown of calibration services by user.
Table 1. SSC MS&CL Total Production - 1992
Function
Primary Standards and Calibration
Routine Electronic Calibration
Electro/Mechanical Calibration
Water Level Recorder Repair
Instrument Repair*
Instrument Cleaning
Total
Units
650
2,311
5,513
855
1,223
2,SSl
13,203
"Includes Gas Monitors
7
Tenant
Figure 2. sac MS&CL Calibration Services by User.
This year's total production of 13,203 reflects a decrease of 2,085 units
(15.8%) from last year's production of 15,288. The production decrease is due to
a decrease in water-level recorder repair, and to the decrease of some onsite cus-
tomer request services in most laboratory measurement discipline areas. Table 2
provides breakdown of SSC MS&CL production by measurement d/scipline.
Table 2. MS&CL Production by Measurement Discipline
Number of Hours per
Measurement Discipline Units Unit
Acoustics, Vibration, and Shock 69 4.4 100
Pressure, Vacuum 1,559 2.8 97
Dimensional 1,221 3.4 96
ElectdcaVElectronic 2,177 2.9 94
Frequency Standards and Counters 359 2.5 99
Radiometers/Photometry 75 4.2 94
Temperature/Humidity 345 4.5 95
IonizaUorVRadlatton 10 22.0 100
Microwave/R F 153 2.2 100
Oscilloscopes, etc. 512 2.6 97
Liquid/Gas Flow 404 6.8 98
Mass, Force, and Torque 1.590 1.4 96
Gas Monitors 471 1.1 100
Water Level Recorder 855 5.0 "
Instrument Cleaning 2.651 "" •
Instrument Repair 752 5..i._9 *
2.8 96Total 13,203
* Not applicable
°" Hours included In calibration times
Percent in
Tolerance
8
9. TRAINING
SSC MS&CL Personnel attended seminars, workshops, and video
conferences throughout the year. On-the-job training and cross-u_lization of
personnel also added to the technical and professional knowledge and skills of
MS&CL personnel. Formal training was provided in the following key areas:
• Moisture Measurement
• LAN System Administrator
• Business Writing Skills
• Quality and Productivity
m Management
• Onsite ADP Training
• 1992 Measurement Science Conference
• National Conference of Standards Laboratories (NCSL)
• NASA Workshop.
To improve managerial and technical skills, formal training is projected for
FY93 in the following areas:
• Microwave Calibration
• Oscilloscope Cal/bration
• Optical Calibration
• Gas Flow
• H)_I'BInstrumentation
• Accelerometer Calibration
• Onsite ADP Training
• 1993 Measurement Science Conference
• NCSL
• NASA Workshop.
10. FUTURE PLANS AND ACTIVITIES
The MS&CL's immediate plans for FY93-94 are to
• Implement a process enabling transfer of calibration status and data to
onsite users
• Provide for an administrative LAN for the laboratory
• Develop and implement new SMMS, designed to fit local needs and
replace NMIS at SSC.
Plans to add additional MS&CL space in FY96 will complete expansion to
meet NASA's future needs in support of the planned ASRM testing and NLS
programs. Additional procurement of new equipment will continue to upgrade
and increase MS&CL capabilities in automated calibrations flow, pressure,
temperature, vibration, and laboratory standards. The TMAP wiI1 be conducted
for all NASA locations that wish to participate, with expectation of expanding the
program in future years to improve temperature measurement throughout NASA.
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White Sands Test Facility
1992 Center Report
1.0 Introduction
This report describes the metrology and calibration activities of the NASA Johnson Space
Center White Sands Test Facility (WSTF) for 1992.
2.0 Calibration Program Overview
The calibration program had a stable year in which new equipment was brought on line,
plans were made to replace equipment, and most established automation objectives were met.
Five new automated calibration stations were made operational, and a sixth station was
updated. One project was canceled because the proposed temperature bath controller failed
acceptance testing.
3.0 NMIS Activities and Problems
WSTF is not a user of NMIS, so there are no activities or problems to report.
4.0 Calibration Program Analysis
4.1 Staffing
Calibration program staffing included 1.0 civil servants and 16.5 support contractors.
Contractor staffing is broken down by function in Table 1.
Table 1. Contractor Staffing by Function
Function Staffing
Calibration Support 3
(Programming, Secretarial, Supervision)
Electrical Calibration 6.5
Mechanical Calibration 7
4.2 Work Analysis
The total number of instruments calibrated was 7199. The total number of instruments
repaired was 282. A breakdown of the workload by major calibration area is shown in
Table 2.
Table 2. Workload by Ma
Area
Instruments Instruments
Calibrated -Repaired
2 947 221
4 252 61
7 199 282
or Calibration Area
i
Total
Hours
Electrical 9 300
Mechanical 11 000
Total 20 300
Electrical calibrations increased 1.8 percent over 1991 figures, and mechanical calibrations
decreased 2.4 percent. Total calibrations were down 0.7 percent over the previous year.
Repair requirements increased by 10 percent.
The calibrated instrument loan tx_ol contained 450 electrical and mechanical instruments.
Approximately 80 loans were made this year.
The average time required for calibration in each of the major instrument categories is shown
in Table 3. This year's figures are historical averages obtained from the metrology data
base.
5.0 Calibration System Development
5.1 New Calibration Stations
An automated EG&G/Flow Technology O"1"400 liquid flow calibrator was installed, replacing
the manually operated Cox liquid flow calibrator. The O1"400 reduced flow meter
calibration time from 2 hours to 45 minutes. Ease of operation and accuracy exceeded
expectations.
An automated MKS VCGS-200 vacuum calibrator was procured and installed. It replaced an
obsolete, manually operated vacuum calibrator. Four vacuum devices can now be installed
and pumped down unattended, reducing the typical calibration time by up to 3 hours per
calibration.
A 0-70 kg load cell calibrator was designed, fabricated and installed. The calibrator uses
precision weights to apply a force and a mobile computer-aided-calibration cart for
instrumentation.
2
Table 3.
Instrument
Average Calibration Time by Instrument Category
I Time (hours)
Pressure and Vacuum
Transducers
Dial Gauges
Vacuum Devices
1.0 =
1.2
3.5
Dimensional
Micro Flats
Micrometers, Calipers
Gauge Blocks
Mass and Force
I 40.02.140.0
Load Cells
Electronic Balances
Double Pan Balances
Small Ohaus Balances
5.4
2.2
6.0
2.0
Temperature and Humidity
Thermocouples 1.7 _
Recorders 4.8
Rain Gauges 1 o0
Electrical and Electronic
Standards
Frequency Counters
Oscilloscopes
Video Equipment
Communications Equipment
4.0
2.2
2.6
2.0
2.0
Miscellaneous
0.75Liquid and Gas Flow Devices
• 12 similar transducers simultaneously
b 20 thermocouples simultaneously
An automated Thunder Scientific 5A-1MP electronic psychrometer was procured and
installed, replacing a Thunder manually operated relative humidity standard.
A Weinsehel Engineering automated power sensor calibration station was added to the
microwave calibration facility.
3
5.2 In-Situ Calibration
In-situ pressure calibration development continued. In-situ pressure procedures were
developed and several in-situ pressure calibrations were performed. Work has continued in
developing in-situ electrical calibrations that will include power supplies, digital voltmeters,
and oscilloscopes.
6.0 Equipment Replacement and Updating
Investigations continued on the replacement of sonic flow nozzles meters with mass flow
meters. A test plan was initiated to evaluate flow meters under a variety of conditions.
After failing two mass flow meters for not meeting gas flow specification, a third mass flow
meter was procured and tested. This unit also demonstrated specification problems at low
range flows. Specifying mass flow requirements--and ensuring that vendors can meet
them--continues to be more difficult than originally expected. Testing will continue as
funding is made available.
A Datron 4808 autocal multifunction calibrator is being procured to allow automated
calibration of 6_h-digit DVMs. The existing Datron 4700 will be used in an in-situ
calibration station that is under development.
A Ruska 4.1 MPa (600 psig) dead weight pressure standard was updated with new hardware
and a Ruska 2411 auto prompt convener. The auto prompt program calculates weights and
records and prints out calibration data. The update increases the Ruska's pressure range,
accuracy, and ease of use.
Additional microwave test equipment, test fixtures, and procedures are being procured to
upgrade the microwave calibration system in support of the new Second TDRSS Ground
Terminal.
7.0 Calibration Procedures and Software Development
All 250 calibration procedures were reviewed and scheduled for updating. Procedures with
safety, hazard waste, or OSHA issues are receiving top priority.
Modifications to the metrology data base are being made to improve the analysis of historical
data and the recommendation of calibration interval changes.
The HP Shared Resources Manager server has been replaced with a UNIX server, making it
possible to develop new automation software in UNIX. The first software of this type is
under development. It will automate the delta pressure calibration station using
HP BASIC/UX (UNIX).
4
8.0 Training
The electrical calibration engineer attended a 5-day NIST-sponsored electrical measurement
assurance workshop. The programmer attended a 5-day HP UNIX training session.
WSTF participated in the 1991 National Conference of Standards Laboratories where
metrology seminars were attended.
A TQM team was formed and trained in TQM concepts. The team analyzed calibration
operations and surveyed customers on services. The team proposed 12 continuous
improvement initiatives to be initiated this year.
9.0 Certification of Reference Standards
The following standards were submitted to NIST for calibration, were part of a MAP, or
were calibrated by an intrinsic standard (IS).
10 Volt (MAP/IS) Noise Source
Mismatches Anemometer
Gage Blocks (IS) Weight Set
Pulse Generator PRT (MAP/IS)
Thomas One Ohm (MAP/IS)
Attenuators
Attenuator Verification Kit
10.0 Problem Areas
Lack of resources to replace high-cost, obsolete calibration systems continued to be a
problem.
The cost of NIST calibrations continued to grow at a faster rate than budget increases, so
alternative sources which meet NiST-traceability requirements were sought. A commercial
calibration facility with intrinsic standards for resistance, voltage, temperature, and
dimensional calibrations was located and used to calibrate WSTF reference standards.
Vendors continued to supply equipment that does not meet specifications. One automation
project was canceled because a Rosemount temperature controller failed to meet
specifications. The project has been placed on hold until a replacement can be researched
and procured.
1 1.0 Activities
11.1 Previously Reported Activities
Upgrade of Gas Flow Calibration System. Testing continues to determine the feasibility of
upgrading the gas flow calibration system. The plan calls for use of mass flow meters at
5
9-120 g/s to replace the sonic flow nozzles presently used as standards. The mass flow
meters would decrease the calibration uncertainty from 1.0 percent to less than 0.5 percent.
Test data is being obtained to verify that NIST traceability can be maintained if the mass
flow meters are calibrated using the Flow Tech liquid flow calibration station.
Microwave Measurement Assurance Program. A Measurement Assurance Program has
been funded for the microwave disciplines of rise time, attenuation, and phase. The MAP
will be designed to provide NIST traceability through statistical analysis of MAP data.
11.2 Future Activities
Transient Pressure Calibration. Significant requirements for calibration of piezoelectric
transducers are expected in the next year. NIST and WSTF have discussed a joint research
program and presented a proposal to develop a NIST-traceable capability for transient
pressure calibrations.
Automated control of Fluidized Temperature Bed. Software development for the planned
automation of thermocouple and PRT calibrations has been delayed. The Rosemount
temperature controller that had been procured for this program was rejected and a suitable
replacement has not been located.
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LOW BACKGROUND
INFRARED
CALIBRATION
FACILITY
NATIONAL INSTITUTE OF STANDARDS
AND TECHNOLOGY
GAITHERSBURG, MARYLAND 20899
INTRODUCTION
A facility for the
calibration of infrared
sources in a low back-
ground environment has
recently been completed
at the National Institute
of Standards and
Technology. Managed
by the Radiometric
Physics Division as part
of the Center for Radia-
tion Research at NIST,
the new LBIR Facility is
available to service the
user community seeking
to characterize black
body radiometric
sources which need to
operate in a Low Back-
ground environment.
The initial capability is
the measurement of
total radiant power from
a black body with
anticipated future
improvements
allowing for measure-
ment of spectral and
angular distribution of
the emitted radiation.
The scientists at the
facility are willing to
consider joint collabora-
tions in experiments
which could utilize the
features of this
system.
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NIST GROUNDS
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LOCATION
The LBIR Facility is
housed in the Physics
Building located on the
grounds of the National
Institute of Standards
and Technology in
Gaithersburg, Maryland.
The two primary means
of access are by car, exit
off Interstate 270 at
Route 117 West, and by
rapid transit to the
Shady Grove
Metrorail Station. The
Institute provides shut-
tle service for official
visitors and staff from
the Metrorail Station
to NIST.
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FACILITY
Two full-time NIST
staff members are avail-
able to operate the
LBIR Facility which
consists of a large
(60 em diameter by
152 crn long) vacuum
chamber surrounded by
a soft-wall cleanroom.
A low background envi-
ronment inside the
chamber is achieved by
cooling internal
cryoshields to tempera-
tures less than 20 K
using a closed cycle he-
lium refrigerator
system. A sophis-
ticated control system is
available to monitor and
control all the tempera-
ture-critical elements
associated with the cali-
bration. Sources of up
to 30 cm square can be
inserted into the cham-
ber for calibration. The
partial cutaway of the
drawing at left shows
the relative position of
this source area. Also
shown is the auxiliary
vacuum shell into which
the black body source
will be placed for initial
conditioning and check
for vacuum cleanliness.
CRYOGENIC RADIOMETER
80K SHIELD
20 K SHIELD
LIQUID HELIUM
RESERVOIR
RECEIVER
FIELD STOP
_-_ 6
ACR
Total radiant power
from the black body is
measured with an
Absolute Cryogenic
Radiometer (ACR). The
ACR has a resolution of
approximately one nano-
watt as design criteria.
The ACR is shown here
mounted into one of
three available ports.
The vacuum vessel is
large enough to accom-
modate additional
elements between the
source and the radiome-
ter as it is fitted with a
cooled bench for mount-
ing hardware in the
optical path. Additional
vacuum ports arc avail-
able to provide access
for various new
applications.
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INFORMATION
Inquiries regarding scheduling
for calibrations should be
directed to:
National Institute of
Standards and Technology
Radiometric Physics Division
Building 221, Room A-221
Gaithersburg, Maryland 20899
Phone: (301) 975-2350
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SECTION 1. INTRODUCTION
1.1 BACKGROUND
The Work Package 01 OVt_I) contract requires that an On-Orbit Quality Activities
plan be submitted at Critical Design Review (CDR). The Quality Activities plan is
submitted under Data Requirement (DR) QA03. One aspect of the plan addresses on-orbit
calibrations. When it became apparent that a seperate detailed WP01 calibration plan was
required, it was decided that a second volume to the System Engineering and Integration
Plan (DR SE01) should be prepared for this pupose. This plan supports the on-orbit and
ground calibration requirements of DR QA03.
1.2 PURPOSE
This plan provides the metrology approach, philosophies, criteria, program and
process. Its primary purpose is the assm'ance of the long term integrity of the operations and
performance of on--orbit systems. This to be accomplished through:
A. Definition of processes to determine on-orbit out-of-tolerance condition.
B. Definition of expected intervals between out-of-tolerance condition.
C.. Definitions of repair/replace or calibrate philosophy for each sensor.
D. Definition of on-orbit calibration requirements.
1.3 SCOPE
This plan encompasses the melrology approach and criteriafor design,development,
qualification, acceptance, prelaunch, post landing and on-orbit instrumentation and sensors.
1.4 APPLICABLE DOCUMENTS
Documents for which no revisionor dateisspecified,and are contractualper
Contract NAS8-50000 are included in Attachment J-2 (SS-LIST-0001) of the subject
contract; and the issue specified therein will apply.
The following is a list of applicable documents used in the preparation of this
document.
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1.4.1 Government Documents
 gS58A
MII._'ID-45662A
SS--SRD--0001E
NM15330.9
MMI 5300.4(3
NI-IB 5300.4(1B)
DR LS03
DR 01303
DR OP01
DR OP06
DR OP15
DR OP15
DR OP17
DR OP19
DR QA03
DR SV01
Quality Program Requirements
Calibration Systems Requirements
Space Station Freedom Program Level III
System Requirements Document
NASA Management Instruction, Metrology and
Calibration
Marshall Management Instruction, Standards
and Calibrations
NASA Handbook Quality Program Provisions
for Aeronautical and Space System Contractors
Maintainability Verification Plan,
D683--10123--1
Payload Baseline Operations, Operations
Integration and Training Plan, D683--43010-1
Prelaunch/Postlanding Operations Plan,
D683-10132-2
Launch Site Support Requirements,
I)683-10545-1
OrbitalOperations Plan, D683---I0136---I,Vol I
Operations Readiness Verification Plan,
D683--10136--2, Vol 2
Orbital Openuions Requirements Analyses
Data, D683-10496-1,
Vol 1 &2.
Operations Maintenance Requirements
Specifications, D683-10545-2
On--(Ot Quality Activities Planning,
D683--43413--1
Master Verification Plan, D683---10072-1
Habitation Elements Verification Plan,
D683-10072-3
D683-10084-3
U. S. Laboratory Elements V_'ification Plan
D683-10072--4
Logistics Elements Verification Plan,
13683-10072-5
Resources Nodes Systems Verification Plan,
D683-10072-6
Airlock Systems Verification Plan,
D683-10072-8
Gas Conditioning Assembly Verification Plan,
D683-10072-9
DR SV02 Test Verification Documents (many documents)
DR SW02 Software Development Plan, D683-10138
DR SW03 Software Test Plan, D683-10139
DR SW09 Requirements and Procedures, Software Test
(Software Test Descriptions) (Many documents)
DR SW10 Software Test Procedures (Many documents)
1.42 Other Documents
BOEING
D2-5378-1 Measuren_nt and Test Equipment Calibration
Procedures - Metrology Engineering
D38_1_1_1 Measurement and Test Equipment Metmlogy
Program
1.5 UNISSUED REFERENCE DOCUMENTS
NHB 5330.9(1A) NASA Handbook Metrology, Calibration &
Measurement Processes Guidelines - Working
CoPY
This handbook is not a contractually applicable document. It was ptmented at a
NASA Meu'ology working group meeting by the authors as a drafL for which comments
were solicited. It was stated by the authors that the intent was to issue the document as a
NASA STANDARD. So far this has not taken place. The document is included here
because it has a great deal of useful information on the metrology process in general.
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1.6 DEFINITIONS
ABSOLUTE ERROR OF MEASUREMENT. The result of a measurement minus the
(conventional) true value of the measurand. Note: The known parts of the error of
measurement may be compensated by applying appropriate corrections. The error of the
corrected result can only be characterized by an uncerutinty.
ACCEPTANCE TESTING. Acceptance tests are those formal tests conducted to assure that
the equipment meets contracted or design requirements. Acceptance tests include
performance demonstrations and environmental exposures to screen out manufacturing
defects, workmanship errors, incipient failures, and other performance anomalies not readily
detectable by normal inspection techniques or through ambient functional tests.
ACCURACY. The deviation between the result of a measurement and the true value of the
mcasurand. Note: The use of the term precision for accuracy should be avoided.
ACCURACY RATIO: The ratio of performance tolerance limits to measurement
uncertainty.
ADJUSTMENT: The operation intended to bring a measuring insn'ument into a state of
performance and frc_om from bias suitable for its use, employing only the means at the
disposal of the user.
AUTOMATIC CALIBRATION. The act of subjecting measurement and test equipment to a
predetermined set of conditions by use of programmable test equipment and calibration
software or firmware to verify performance specifications.
CALIBRATION. The set of operations which establish, under specified conditions, the
relationship between values indicated by a measuring instrument or measuring system, or
values represented by a material measure, and the correspmutmg known (or accepted) values
of a meamuand. Note: (1) The result of a calibration permits the estimation of emn_ of
indication of the measuring instnunent, measuring system or material measure, or the
assignment of values to marks on arbitrary scales. (2) A calibration may also determine
other melrological properties. (3) The result of a calibration may be recorded in a document,
sometimes called a calibration certificate or a calibration report. (4) The result of a
calibration is sometimes expressed as a calibration factor, or as a series of calibration factors
in the form of a calibration curve.
¢_-._rwlCATION. Certification is a process in which tests and analyses are performed
which demonstrate and fonmlly document that the design and manufacun-ing processes will
prcd. uce equipment which meets. _cation requirements in specified operational
envu'onments, cenmcauon acuvmes consist of qualification tests and major ground tests as
well as other tests and analyses. Metrology certification is the act of designating that
standards and measuring and test equipment have been calibrated and meet established
v
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requirements.
CHECKOUT. Test activities that verify the readiness of hardware and/or software for its
intended use.
CONFIDENCE INTERVAL. An interval about the result of a measurement or computation
withinwhich thetruevalue isexpected tolie,as determined from an uncertaintyanalysis
with a specified probability.
CONFIDENCE LEVEL. The probability that the confidence interval contains the true value
of a measurement.
DEVELOPMENT. Development is primarily concerned with those design evaluation and
data gathering activities that support the total design process and provide the engineering
database necessary to establish confidence that the hardware and software meets
specificationrequirements and thatthemanufacturing processproduces an acceptable
product. The data acquired are used to establish processes, procedures and test levels to
support subsequent design, production, verification, maintenance, and checkout activities.
Development includes: (1) standard laboratory testing to support material selection; (2)
component, breadboard and subsystem testing to identify the failure modes and the effects of
environments and combinations of design tolerances on performance; and (3) the acquisition
of data from integrated subsystems or system levels to identify operational characteristics
and develop ground and fright operational procedures. Development testing is performed
with minimum rigor and controls to prove a design approach. Included are tests performed
to minimum technical risks and to assist in design engineering activities. These tests
encompass material selection, design tolerance venfi" cation, and identification of operational
characteristics. These test are usually performed by the engineering oxy.,anization.
DRIFT (TIME). The slow variationwith time of a metrologicalcharacteristicof a
measuring instrument.
FUNCTIONAL TEST. A test that demonstrates a go/no--go condition with respect to a
functional requhement, or to verify a unit meets the performance requirements.
MAINTAINABILITY DEMONSTRATION. The process of proving that a component of
subsystem satisfies documented maintainability requirements. Normally included with other
teSts.
MATHEMATICAL MODEL. A mathematical description of a system relating inputs to
outputs. This description should be of sufficient detail to provide inputs to system analysis
studiessuch as performance prediction,uncertainty(orerror)modeling, and isolationof
failure or degradation mechanisms, or environmental limitations.
MEAN TIME BETWEEN OUT OF TOLERANCE. -Usage Hours / In R. Where R is the
conf_ence level or measurement reliability as described in Section 3 of NHB 5330.9 (1A).
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MEASURAND. A physical or electrical quantity, property, or condition to be measured.
Note: As appropriate, this may by the measured quantity or the quantity to be measured.
MEASUREMENT. The set of operations having the object of demm_ning the value of a
quantity.
MEASUREMENT RELIABILITY. The probability that a measurement attribute
(parameter) of an item of equipment is in conformance with performance specifications.
METROLOGY. The field of knowledge concerned with measurement.
PRECISION. The repeatability or consistency of measurements made with the same sensor.
The _nfiden_..with which a measurement can be repeated with a given sensor under
controueo conatuons, or the confidence that two different sensors or techniques can yield the
same result. Note: The use of the term precision for accuracy should be avoided.
QUALIFICATION. Qualification includes activities which demonstrate and document that
the design and manufacturing processes produce equipment that meets specification
requirements in specified operational environments. Qualification activities are centered
around verifying all performance and design requirements invoked on components,
subsystems, systems, modules and elements, and the software. Compliance with
performance, safety, interface, environmental, and maintainability requirements are included
in qualification. Qualification consists of environmental and functional verification
activities. Environmental test includes testing to limits of vibration/acou.vdcs, tempemtm_,
pressures, humidity, etc.. Functional test includes testing to limits of performance, such as,
flow, pressure, temperature, leakage, voltage, acoustic noise, etc.. Qualification tests are
conducted as a pan of the verification program to demonstrate that design and performance
requirements can be realized under specified conditions.
RESOLUTION. A quantitative expression of the ability of a sensor to distinguish
meaningfully between the smallest detectable values of the input quantity being measured.
SENSOR. A device that responds m either the absolute value or a change in a physical
stimulus (heat, riot, sound magnetism, pressure, or pmicular motion) and produces a
corresponding reaction, such as a signaL A sensor can be an entire insu'ument or a part of
one that measures a phenomenon.
SPAN. The modulus of the difference between the two limits of a nominal range of a
measuring insU'mnenL Example: nominal range - 10V to +10V: span 20V.
SPECIFIED MEASURING RANGE / SPECIFIHD WORKING RANGE. The span of
measurements for which the error of a measuring instrument is intended to lie within
specified limits. Note: The upper and lower limits of the specified measuring range are
sometimes called the maximum capacity and minimum capacity respectively.
SPECIFICATION. A quantitative description of the specified characteristics of an
V _
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instrument, device, system, product, or process.
STANDARDS. Standards are classified as National, Reference, Transfer, Working and
System Standards.
NATIONAL STANDARDS. A standard recognized by an official national decision as
the basis for fixing the value, a unit of measure in a country. The national standard in a
country is usually a primary standard. In the United States, National Standards are
established, maintained, and disseminated by the National Institute of Standards and
Technology (NIST).
REFERENCE STANDARDS. A standard, generally of the highest metrological quality
available at a given location, from which measurements made at that location are
derived.
SYSTEM STANDARDS. Start 'dards that are part of the test equipment and are used to
standardize the test equipment or to monitor its uncertainty.
TRANSFER STANDARDS. A standard used as an intermediary to compare standards,
material measures, or measuring instruments. Note: When the comparison device is not
stricdy a standard, the term transfer device should be used. Example: adjustable calipers
used to intercompare end standards.
WORKING STANDARDS. A standard that calibrated against a reference standard, is
used routinely to calibrate or check material measures or measuing instruments.
TOLERANCE.. The total permissible variation of a quantity from a designated value.
TRACEABILITY. The ability to relate individual measurement results to nationally
accepted standards through a continuous sequence of conlrolled measurements within
established limits of uncertainty.
UNCERTAINTY. An estimate characterizing the range of values within which the true value
of a measurand lies. Uncertainty comprises, in general, many components. Some of these
may be estimated on the basis of the statistical dislribution of the results of series of
measurements and can be characterized by experimental standard deviations. Estimates of
other components can only be based on experience or other information.
VERIFICATION. In the general sense, verification is a process which determines that the
space station hardware and software systems meet all design, performance, and safety
requirements. The verification process includes analysis, test, inspection, demonstration, or
a combination thereof.
In the more specific sense, there are two types or levels of verification
activities:
...4 1-7
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A,
Bo
Hardware/Software Verification Activities- These activities ensure that the specific
hardware/software has been built in accordance with the design, meets established
performance requi_n_nents, and is free of manufacturing and workmanship defects.
Design Verification Activities-- These activities ensure that the design of the space
station, subsystems, or components as designed meets the requirements defined in
conuactual specifications. They include both the formal verification activity and the
system level verification activity (including hardware/software and interface
compatibility). Where verification is not accomplished by testing, analysis,
inspe_on or demonsu'ation shatl be performed.
1-8 ,_,-
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SECTION 2. APPROACH
2.1 METROLOGY PHILOSOPHY
The metrology philosophy is to incorporate measurement performance, safety,
reliability, and maintainability in the design. The metrology procedures incorporate the
quality assurance policies and procedures defined in SS--SRD-(XX)IE Section 9.0 paragraphs
4.1.4 Planning for On-Orbit Activities and 4.8 Metmlogy; NASA Management Instruction
(NMI) 5330.9, as reflected in Marshall Management Instruction 5300.40, Standards and
Calibration, dated June 25, 1991; and NASA Handbook 5300.4(1B) Chapter 9 Metrology
Controls. NHB 5330.9(1A) Metrology, Calibration, & Measurement Processes, Guidelines-
Working Copy, has been distributed to the Metrology Plan Development Team members to
use as a guide for evaluating implementation of the design requirements for metrology and
performance verification. This Handbook is especially useful for evaluating the designs for
on-orbit calibration provisions and determining the Mean Time Between Out Of Tolerance
(MTBOOT) conditions. The system design and logistics interface is managed to ensure that
bidirectional flow of engineering and logistic information/data occurs during all phases of
the program. An essential element of the on-orbit logistic support package is the
maintenance of the operational systems, subsystems, and equipment. This includes
preventive maintenance concepts using performance testing, visual inspection, servicing, and
subsystem and system level performance verifications. Where possible, the design is such
that sensor recalibrations are not needed, or the recalibration interval is lengthened, or the
recafibration is simplified by DMS, or done automatically. A concerted effort is directed to
achieving measurement reliability goals without impact to the current design.
Normally an on--orbit out--of-calibration condition of sensors, meters, and
transducers results in the replacement of the related ORU. A review of the
out-of-calibration condition, by the Space Station Control Center (SSCC) at Johnson Space
Center or the Engineering Support Center (ESC) at Marshall Space Flight Center, may result
in a determination of the acceptability of operating the ORU in a degraded performance
mode or other course of action.
2.1.1 Measurement Quality Requirements ldena.fication
The measurement quality requirements are objectively defined early in the design
activity and drive the measurement process design. A measurement quality requirement is
traceable to the decision need that will use the data from the measurement. The
measurement is treated as a process with all contributing uncertainty sources identified. The
uncertainties reflect a realistic representation of the process so that the process uncertainty is
meaningful. Measurement parameter tolerances and measurement risks (confidence levels)
are defined to match system and/or component tolerances and operational reliability. When
an out-of-tolerance condition is expected to occur within the 30 year life of the station, the
unit is identified as a Limited Life Item for inclusion in the operations maintenance plan.
The measurement process design is documented with an auditable content directly usable
during the operational phase.
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2.2 FAULT DETECTION AND ISOLATION PHILOSOPHY
Fault Detection and Isolation (FDI) is addressed here to make the distinction between
FDI and mem31ogy. The System Requirements Document (SRD) requires Boeing to make
operational and FDI data available to the ground. Automatic on--board detection and
reconfigmation is required for failures that cause loss of a time critical (Category 1,1c,2s)
function. These requirements imply a need for sensor accuracy sufficient to meet specified
detection and false alarm rates. Ground based software will be programmed to provide
compensation for pn_lictable and known sensor drifts. Ground based analysis is used to
detect unpredictable sensor drift and adjust the software to compensate, when possible.
However, this process always yields an increased uncertainty for the measurement, because
the insu'ument has, in effect, been recalibrated with something of less accuracy than the
original calibration standard. If the reference drifts, this uncertainty grows with time. There
is not much to be gained from correction of unpredictable drift unless a cross check can be
performed with a statistically significant number of instruments, which is not the case in
most applications. Cross checks are of greater value, however, for determining when an
inslrument has drifted outside the allowable tolerance band. When this occurs it will be
replaced or calibrated as required by corrective maintenance. The failure of a single FDI
sensor will not cause the loss of a category 1, lc, or 2s function.
2.3 PACKAGING AND MAINTENANCE ACCESS PI-ULOSOPHY
ORUs are designed to allow ease of removal and replacement. If a sensor goes out of
calibration by drifting or loss of accuracy to a point of subassembly degradation, the failure
is detected and an ORU replacement action decision is made by the SSCC or ESC in
accordance with Test, Operations, and Maintenance Requirements and Specifications
(TOMRS), DR OP19.
2.4 SAFETY PHILOSOPHY
ORUs are calibrated prior to delivery to Kennedy Space Center (KSC). If
metrology/performance verification procedures are conducted on-orbit, with energized
equipment, it shall have been assessed, on the ground, to be safe, prior to on--orbit
implementation.
2.5 RELIABK,rI'Y PHILOSOPHY
The relationship of the Failure Mode and Effect Analysis (FMEA) to calibration is
through the resultant effect on the item, subsystem, system and the crew/station. Credible
equipment out-of--tolerance conditions are identified as a failure mode in the FMEA, along
with the associated local, subsystem, system, and station/crew effects. Detection methods
are also identified in the FMEA, DR REI0.
Measurement reliability targets are met through the measurement process design.
Reliability analysis of the design identifies uncertainty growth processes and appropriate
V
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controlsto satisfy these measurement reliability targets. A measurement process yielding
data with error greater than the specified uncertainty tolerance is a failure mode. Preventing
failure requires control of uncertainty growth by performing calibrations with possible
adjustments within the tolerance limits. Measurement systems arc made congruent with
ORUs when possible to minimize calibration actions which do not involve ORU changcout.
Measurement systems should be designed to have an in--tolerance life that exceeds the ORU
life where possible.
Hardware for which an out-of-tolerance condition is expected to occur within the 30
yearlifeof thestationisidentifiedas a Limited LifeItem,in accordance with DR RE07.
Data in DR RE07, includesthe identityof the item,lifelimitingcharacteristic(s),
recommended frequency of replacement/calibration,and the allowablenumber of
calibrations.
Out--of--toleranceonditions,caused by drift,typicallyinvolves a slow degradation,
as such it generally does not constitute a threat to system operability unless the drift goes
undetected. Undetected driftdoes, however, representa potentiallysignificantcommon
cause failuremechanism of redundant equipment. Driftisgenerallydetectedvia comparison
of the parameter againsta specifiedthresholdor via system performance trendinganalysis,
the latter being more desirable, since system functional failure can be prevented via
scheduled intervention (removal and replacement/calibration, performance verification,
software adjustment, etc.).
2.6 MAINTENANCE PHILOSOPHY
Metrology/performance verification on-orbit is considered a maintenance action.
The design goal is that calibrations by the crew on-orbit are to be reduced or avoided if
possible except in cases where the trade-off of equipment and crewtime to calibrate versus
equipment and crewtime to replace prove beneficial. If on--orbit calibration is required the
maintainability,logistics,and orbitalsuplxm documentation addressestherequiredactivities.
2.7 USER PAYLOAD CALIBRATION PHILOSOPHY
User payloads are calibrated by the user prior m launch. WPOI is making no
provisions for recalibration of user payloads on orbiL
2.8 WPOI VERIFICATION PLANS
The Verification Plans are addressed here since the composite WPOI verifications are
described in them. The WPOI Master Verification Plan and the subtler plans are traceable to
the Level H verification documentation. Verification plans for software verification and
validation (DR SW Series)and materials and processes verification arc documented
separately and are discussed in Paragraph 2.9 of this document.
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The base program verificationrequirementsincludingderivedrequirements,based
upon the SS-SRD--O001 design and performance requirements are developed for WPOI by
the Systems Engineering organization. These requirements are documented in DR SV02 and
imposed upon the responsible verification organization. Objective data are obtained during
the verification process to validate the measurement process design and reliability analysis,
and to verify that measurement requirements of uncertainty limits and confidence limits are
met during the specified operational period, including extrapolation of the available data set
to a 30 year operational life without calibration. The processes for implementing the WP01
verification requirements are described in the following eight DR SV01 verification
documents:
D683-10072-1 WP01 Master Verification Plan introduces the master plan for
implementing the WP01 Verification Program and provides the approach and guidelines to
be applied during the verification process. The plan also describes the database and
traceability system which controls the implementation process and provides assurance that
all design/perf_ce and verification requirements are satisfied. Paragraphs 3.3 and 3.4
address the design performance and operations considerations for the 30 year life by Space
Station Freedom.
D683--10072-2 Payload Interface Verification Plan addresses the plans for verifying
the interfaces between the payloads and WP01 hardware.
D683-10072-3 Habitation Elements Verification Plan contains the verification plans
for ensuring that the Habitation Elements (A & B) design/space performance requixements
are sansfied and that the Habitation Elements hardware performs as required. The document
also addresses the plans for implementing and conuolling the Habitation verification process.
D683--10072--4 U.S. Laboratory Elements Verification Plan contains the verification
plans for ensuring that the U. S. Laboratory Elements (A & B) design/performance
requirements are satisfied and that the U. S. Laboratory hardware performs as required. The
document also addresses the plans for implementing and controlling the U. S.
verification process.
D683-10072-5 Logistics Elements Verification Plan contains the verification plans
for ensuring that the Logistic Elements design/performance requirements are satisfied and
that the element hardware performs as required. The document addresses the plans for
implementing and conurolling the Logistic Elements verification process.
D683--10072--6 Resource Nodes Systems Verification Plan contains the verification
plans for ensuring that the Node Elements design/performance requirements are satisfied and
that the element hardware performs as requixe_ The document address the plans for
implementing and controlling the Node verification process.
D683--10072--8 Airlock Systems Verification Plan contains the verification plans for
ensuring that the Airlock design/performance requirements are satisfied and that the element
hardware performs as required. The document addresses the plans for implementing and
controlling the Airlock verification process.
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I)683-10072-9 GasConditioningAssemblyVerification Plan contains the
verification plans for ensuring that the Gas Conditioning Assembly design/performance
requirements are satisfied and that the component hal'dware performs as requia-e.d. The
document addresses the plans for implementing and controlling the Gas Conditioning
Assembly verification process.
2.9 SOFTWARE DOCUMENTATION
The software development and verification plans are located in DR SW02 Software
Development Plan, DR SW03 Software Test Plan, DR SW09 Requirements and Procedm'es
Software Test (Software Test Descriptions), and DR SWI0 Software Test Procedures.
Software includes verification of on-orbit detection of out of tolerance conditions.
A DR SW02. Provides details relative to activities and resources for developing
software, including support software.
B. DR SW03. Defines the type of software testing, test schedules, and test management
procedures to be used. This document includes both independent verification and
validation and acceptance testing.
C. DR SW09. Itemizes the tests used to confirm that the product meets the software
requirements. This includes verification, validation and acceptance test requirements
for the test procedures.
DR SW10. Provides the detailed procedures and test specifications necessary at all
levels of testing prior to acceptance of the software.
D.
2.10 INTEGRATED LOGISTICS SUPPORT DOCUMENTATION
Once a firm requirement for system/equipment calibration is established, these
requirements are documented in the Logistics Support Analysis Records(LSAR) database.
Step by step maintenance procedural steps are documented and the support resources
requirements accomplish themaintenance task.This issourcedataforthe followinglogistic
documents.
Ao
e.
C.
Do
DR LSO1 - Maintenance Plan - Define WPO1 Maintenance Program including
maintenance concept,planning and detailedmaintenance plan development.
DR LS08 - Recommend Spares List - Documents spares required to support
maintenance implementation. Document used duringprovisioningconferencesand
will become the authority to procure WPO1 spares.
DR LS 11 - Opemfins and Maintenance Insu'uctions - Formal maintenance
Immedures to be used by crew and/or ground personnel to perform maintenance.
DR OP08 - Special Handling and Tran_tion requirements per MMI6400.2.
Includes shipping container and packaging data, calibration items will be clearly
marked outside the shipping containers.
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SECTION 3. METROLOGY CRITERIA
3.1 DESIGN REQUIREMENTS
The metmlogy philosophy dictates that in the design phase adequate attention is directed
to achieving the measurement reliability goals. Analysis of the design will be conducted that
identifies all error sources, develops an error model, evaluates total measurement uncertainty,
evaluates uncertainty growth processes, selects appropriate measurement reliability models, and
verifies that measurement reliability targets are met. The methodologies and techniques to
accomplish this task are provided in the draft working copy of NHB 5330.9 (1A) and am
incotlx)mmd in the metrology process described in Appendix B (Metrology Process).
3.2 DEVELOPMENT TESTING, QUALIFICATION AND ACCEPTANCE
The sensorand instrumentationcalibrationsconducted during thedevelopment,
qualification,and acceptance phases are consideredto be straightforward,laboratory
calibrations,traceableto NationalInstituteof Standardsand Technology 0NIST) recognized
standards.The calibrationsare conducted inaccordance with the Boeing Huntsville
"Measurement and Test Equipment Metrology Program" (MTEMP) documented in
D389-10016--1. The MTEMP program includes requirements of MIL-Q-9858A Quality
Program Requirements, MIl._TD-45662A, Calibration Systems Requirements and
SS--SRD--0001 Section 9, Paragraph 4.8, Melrology Control. The MTEMP program provides
definitions of terminologies, supporting documentation, procedures, certificates, mtxn'ts, and
instructions to personnel on how to operate the MTEMP, especially during the development,
qualificationand acceptance phases. These are availabletoauthorizedcustomer representatives
for audit purposes upon request.
Sensors incorporated in the design of Space Station Freedom equipment are calibrated in
accordance with the above documents, prior to installation into the equipment. During the
development testing activities, special instrumentation is used to obtain engineering design data
and qualification and acceptance data, and to verify the MTBOOT calculations where possible.
This special test instrumentation is calibrated in accordance with the Boeing Huntsville
Measm'enmnt and Test Equipment Metrology Program, as summarized in paragraph 4.1.1 of this
plan. Calibrated ORU sensors are used during the qualification and acceptance testing.
3.3 PRE-LAUNCH
There are presently no known requirements for calibration at KSC, following the fmal
acceptance testing at MSFC. Each sensor is calibrated and the subsystem, system, and elements
have satisfied the performance verification requirements as part of manufacturing assembly and
checkout processing at MSFC to support acceptance test and KSC processing. If a calibrated
system fails a pre-launch test or fails as a result of a meu'ology fault, the sensors calibrations are
checked, the system is repaired, recalibrated, and retested in accordance with the acceptance
melrology and performance verification test procedures.
The Launch siteverificationand supportrequirementswillbe transmittedtoKSC via the
OperationalMaintenance Requirements SpecificationsD683-I0545-2 (DR OPI9) and Launch
SiteSupport Requirements D683-I0545-I (DR OP16).
Operational Readiness Verification is supported at the operational sites and facilities to
verify readiness prior to flight article launches. Typical functions to be certified in the
operational readiness verification includes:
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A*
B.
C.
D.
E.
F.
Flight Elements
Flight & Ground Operational Support Equipment.
Ground Processing & Flight Support Equipment.
Flight Operational/Support Facilities.
Procedures/Software
Data and Command/Control Links
Additional details on the plan and procedures for operational readiness
verification are contained in the following documents:
(1) Prelaunch/Postlanding Operations Plan D683-10132-2, (DR OP01)
(2) Orbital Operations Plan D683--10136-1(DR OP15)
(3) Payload Baseline Operations, Operations, Integration & Training Plan,
13683-43010-1 (DR OD03)
3.4 ON--ORBIT
The design goal is that ORUs shall require little or no astronaut intervention for on-orbit
metrology. Subsystem and system level preventive maintenance includes all scheduled
maintenance actions performed to retain a subsystem or system in a specified condition.
Scheduled maintenance includes the accomplishment of periodic inspections, condition
monitoring, critical item replacement, and subsystem or system level performance verifications
and calibrations as required necessary to insure the _on of incipient failures before they
occur. The schedule interval is based on equipment usage(operating hours, cycles) or elapsed
calendar time (hours, days, weeks, months, etc.). Test, Operations, and Maintenance
Requirements and Specifications (TOMRS) containthesemaintenance requirements. The
Instrumentation Program and Command List, D683--10522-1, documents the calibration
intervals for insmmmntation connected to DMS Multiplexer/Dcmultiplexcrs (MDMs). The
calibraton intervals will be defmed in the vendors instrumentation specifications.
On--Orbit assembly activation and checkout procedures are verified, as part of the
element acceptance procedures. On-orbit assembly and contingency sequence analyses are
verifiedper D673---I0496--I,OrbitalOperationsRequirements Analyses Dam (DR OP17 vol I).
The on-orbit first time verification shall be limited m subsysmm/systems that are not mission or
safety critical. Such verification shall require Space Station Control Board approval. Critical
Category 1, 2, and 2S subsystems/systems shall be verified prior to,launch. On-orbit
verifications arc contained in documents D683--10136--1, (DR OP15 vol 1), Orbital Operations
Plan, D683-10136-2 (DR OP15 vol 2) Operations Readiness Verification Plan and in
D683-10496-2 (DR OP17 vol 2), Orbital Operations Analysis Data which will be developed for
each element launched for the life of the Space Station. The IP&CL will contain the on--orbit
hardware and software signal definitions to support the verification process. The IP&CL
documents the signal type and calilbration coefficients that willl be required for funtional and
verification testing.
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3.5 POST LANDING
ORUs that return from orbit, based on routine maintenance requirements or an out of
calibration condition, are returned to Boeing or the subcontractors for a post-calibration check
prior to being refurbished. After refurbishment, a complete calibration is performed before the
unit is returned to service. ORUs that return from orbit, due to a failure, are returned to Boeing
or the subcontractors for determination of the cause of the failure.
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SECTION 4. METROLOGY PROGRAM IMPLEMENTATION
4.1 GROUND METROLOGY
4.1.1 Development testing, qualCication, and acceptance
Sensors that are designed into WIll Space Station equipment are calibrated, prior to
installation into the equipment, to satisfy the requirements of the SRD or the Envelope
Drawings and the Metrology Plan. The measuring systems used for testing and verification
are calibrated in accordance with the following paragraphs.
k
4.1.1.1 Metrology Standards
Standards are maintained for calibrating M&TE and other standards. Uncertainty,
smbifity, range and resolution are considered when selecting equipment for use as a standard.
The uncertainty of calibration standards is established through an echelon of standards whose
accuracy is traceable to the NIST by the Boeing Company.
A. Class Of Standards
The echelon of standards consists of the following standard classes.
(I) Class A Standards
Class A sumdards are the highest echelon of measuring equipment
within the Boeing Company and are in the custody of the Boeing Metrology
Laboratory (BML) in Scattle, Washington. These standards are periodically
checked, directly or through a precise intercomparison with the legal standards
maintahled by the NIST, or with other natural standards authorir_l for this
purpose.
(2) Class B Standards
Class B standards are the second highest echelon of measm'ing
equipment within the Boeing Company and are in the custody of equipment
calibration laboratories. There are two basic categories of equipment within this
classification.
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8.. Class B Secondary Standards: These standards are considered
as the reference standards for the Boeing metrology program
and are in the custody of the Huntsville Metrology Laboratory ffIML).
These standards are periodically calibrated from or through a precise inter
comparison with the Class A standards defined above or with other basic
standards authorized for this purpose. In the event that the Boeing Metrolo
gy Laboratory (BML) does not have the capability to calibrate a given
Class B Secondary standard, the standard may be calibrated by another fa
cility, such as the manufacturer, provided the facility meets the requL, e
ments of MH.,-STD--45662A.
v
b° Class B Measurement Standards: These standards are considered as the
transfer standards for the Boeing Huntsville metrology program
and are in the custody of the HML. These standards are periodically cali
brated from or though a precise intercomparison with the Class B Second
ary standards or with other basic standard authorized for this purpose. In
the event that the HML does not have the capability to calibrate a given
Class B Measurement Standard, the standard may be calibrated by another
facility provided the facility meets the requirements of MIL--STD--45662A.
B. Oass C Equipment
Class C equipment is the third echelon of measuring equipment within the Boeing
Company. Class C equipment is calibrated from or through a precise
inmruanparison with the Class B standards or with other standards authorized for this
purpose. In the event that the HML does not have the capability to calibrate a given
piece of Class C equipment, the equipment may be calibrated by another authorized
facility that meets the requirements of MII.,-_'ID--45662A.
4.1.1.2 Environmental Controls
Environmental conditions such as temperature, humidity, vibration, cleanliness, or
other controllable factors, are considered and controlled or compensated for to the extent
necessary to assure measurement accuracy. The HML is responsible to determine the
environmental requirements. Conection factors applied at the time of calibration are
documented on the calibration certificate, calibration report, or equipment deviation label.
Controlled parameters are monitored as required to ensure that toletanee limits are not
exceeded.
4.1.1.3 Calibration Intervals
The calibration interval is the length of time, expressed in days, months or years
during which equipment items are reasonably expected to perform within the calibrated
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performance specifications. Standards and M&TE are calibrated at periodic intervals to
assure measurement accuracy. Calibration intervals are selected to prevent out-of-tolerance
conditions, yet provide extended availability.
A. Initial
The initial calibration interval is based on one or more of the following criteria:
(1) D2-5378--1 Measurement and Test Equipment Calibration Procedures -
Metrology Engineering.
(2) The sensor manufacturer's recommendations and supporting data.
(3) Government Technical Orders.
(4) History and performance of the family of like items.
B. Interval Adjustments
The metrology program provides for the adjustment of calibration intervals based on
the calibration history of the sensor or M&TE. As the equipment progresses through
development tests, qualification, and acceptance testing, dam are compiled to support the
determination of possible interval adjustments.
C. Extensions
Sensors and M&TE that are assigned a periodic calibration interval may have the
calibration due date extended. The extension is made at the discretion of the Mem_logy
Manager and is permitted if calibration would adversely affect a test or ff loss of use of the
equipment results in the delay of or prevents a critical task accomplishment by a schedule
completion date. An extension is granted based on the calibration history of the equipment.
4.1.1.4 Recall
The Metmlogy Program provides for a mandatory recall system which identifies
sensors to be r_alibrated on or before the interval expiration date. The user is notified of the
calibration due date through the calibration interval label and an overdue report. Sensor
users are responsible for assuring that sensors are submkted for recalibration prior to the
expiration date and for not using sensors that are overdue, without an approved extension.
4.1.1.5 Metrology Procedures
Metrology procedures are developed and used to provide adequacy and consistency
in the calibration of sensors, M&TE, and standards. These procedures are the working level
instruction for calibration of any given piece of measuring equipment. They consist of any
combination of Boeing developed procedures, manufacturer's calibration instructions,
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Government-Industry Data Exchange Program (GIDEP), or Technical Orders. They define
the calibration standard to be used and the standard accuracy required, the required
parameter, range and the required accuracy of the item being calibrated.
4.1.1.6 Out-of-tolerance Evaluation
The Metrology Program provides for the collection of out--of--tolerance data and the
evaluation of these dam to maintain the adequacy of the program. Out-of-tolerance data are
collected through the use of tolerance codes and data records. An item submitted for
calibration is compared against a known standard and is then assigned a tolerance code
depending on the condition of the item. The codes used are listed below:
A, Code O- An out-of-tolerance condition which could have caused a product to be
accepted beyond the allowable manufacturing limits or caused the generation of erro-
neous data. MaLfunctioning, inoperative, or damaged equipment are not Code O can-
didates.
Bo Code P- Equipment submitted in a malfunctioning, inoperative, or damaged condi-
tion.
C. Code I - Equipment checked in tolerance when submitted for recalibration.
D. Code N - New equipment received for initial calibration.
Upon completion of the calibration, the assigned tolerance code is entered into the
records system for history and data collection purposes. When equipment being calibrated is
found to be significantly out-of-tolerance (two tines the tolerance) an Out-Of-Tolerance
Notification form is initiated by the Metrology Laboratory. The form identifies the
out--of-4olerance equipment, documents the out--of--tolerance data, and provides for
corrective action by the functional organization using the equipment.. A copy of the form is
sent to Quality Assurance. The out--of--tolerance condition is investigated by the functional
organization to detemfine possible adverse impact on product integrity, isolate any affected
product, and determine required corrective action. The completed form is returned to the
Metmlogy Laboratory and is kept for a minimum of two yem_. An item returned for
calibration in an out--of-tolerance condition three consecutive times is withheld from further
use until positive conexfive action can be taken. The evaluation of this item includes, but is
not limited to the following:
(1) The adequacy of the equipment for the required measurements, recalibration
interval, and environment in which it is used.
(2) The measuren_nt and test procedures.
(3) The adequacy of the standards and procedures used to calibrate the equip-
ment.
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_e.
(4)
(5)
(6)
Special repair or maintenance considerations.
Reduction of the equipment calibration interval.
Possibility of modifying or scrapping the equipment.
The corrective action taken is recorded on the data record and entered into the history
4.1.1.7 Maintenance And Repair
The Metrology Program provides for the assurance of proper maintenance and repair
of all calibrated equipment. Calibrated equipment receives maintenance and repair as a part
of preventive maintenance and/or repair at the time of calibration. Repair is also provided if
the equipment is damaged or fails during the calibration interval. The calibrating agency is
responsible to assure equipment is properly recalibrated after repair or modification.
4.1.1.8 Storage, Handling, And Transportation
The using organization in custody of calibrated equipment are responsible to store,
handle, and transport the equipment in a way that does not adversely affect the calibration of
the equipment. Equipment requiring special handling shall be marked as such and shall be
shipped in containers so marked. Packaging, handling, storage, and transportation of
program critical hardware is documented LAW DR OP08.
A. Storage
Measurement equipment is stored in accordance with the manufactures
recommendations or good warehousing practices. Equipment storage areas provide a
protected environment which is clean, dry, and environmentally controlled, if necessary and
in suitable containers, if required. Equipment prone to corrosion will be protected with a
protective coating prior to storage. Equipment that is stored is labeled with a Certification
Expired label. Stored equipment is re,calibrated prior to use, after being recalled from
storage.
B. Handling
Measurement equipment is handled in a manner that neither damages the equipment
nor adversely affects the calibration. Manufacturer's recommendations and good handling
practices are observed. Special handling instructions over and above normal handling
precautions are identified and attached to the equipment and container. Equipment that is
damaged or when the calibration is thought to be compromised as a result of handling, is
returned to the calibrating agency for repair and/or recalibration.
C. Transportation
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Measurement equipment is transported or shipped in a manner to protect it from
adverse weather, vibration, physical shock, and handling damages. In--plant transportation is
on carts with low pressure pneumatic tires and/or with shock absorbing materials between
the cart and the equipment. Vehicles used for outdoor Ii,ansportarion are equipped with
pneumatic tires, padded shelving or flooring, and tie down straps as required. Protection is
provided from adverse weather conditions and precautions are taken to prevent damage from
thermal shock and condensation when equipment is moved from one temperature range m
another. Transportation routes and speeds are tempered m account for floor and ground
conditions to reduce vibration, physical jarring, and shock. Equipment that is shipped to
other facilities is packaged in accordance with the manufacturer's recommendation or good
packaging practices m assure that the equipment is properly protected during shipment.
Instances of improper handling, storage, or transpor_tion are reported to the appropriate
manager for corrective action.
4.1.1.9 Source Quality Provisions
Boeing Huntsville subcontractors, which supply services or products to the company
are audited to assure compliance with the necessary requirements. Records of the audits
performed by Quality Assurance are maintained by Quality Assurance. Calibration sources,
other than the NIST or a Government Laboratory, are audited to assure that they are capable
of performing the required service to the satisfaction of the requirements. Calibration
certificates from sources other than the NIST or a Government Laboratory attest to the fact
that the standards used to conduct the calibrations have been compared to the National
Standards, either directly or indirectly, and at the planned intervals.
4.1.1.10 Metrology Facilities
Facilities, other than those of the HML, are used to perform calibrations when the
HML lacks the necessary standards, equipment, facilities, or skills. The HML management
will determine the need to use other calibration facilities.
4.1.2 Pre-Launch
Pre-l.atunch sensor metrology activities, if required, are controlled by the same
procedures as those outlined in paragraph 4.1.1 Development Testing, Qualification, and
Acceptance. There are presently no known req_ts for metrology at KSC after the
final acceptance testing at MSFC. Each sensor is calibrated and each element, subsystem, or
system performance is verified as part of manufacturing assembly and checkout processing
at MSFC to support acceptance test and KSC processing. If an ORU fails a pre-launch test
or fails as a result of a metmlogy fault, an ORU sensor metmlogy and performance
verification check is conducted prior to the ORU being repaired, recalibrated, and retested in
accordance with the acceptance meuology and test procedures. OMRS contain maintenance
specif'tcations relative to metrology and performance verifications.
4.1.3 Post Landz'ng
The Post Landing melrology activities are controlled by the same procedures as those
outlined in paragraph 4.1.1 Development Testing, Qualification, and Acceptance. ORUs that
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return from orbit, based on routine maintenance requirements or an out of calibration
condition, are returned to Boeing for a post-calibration cheek prior to being refurbished.
After refurbishment, a complete calibration is performed before the unit is returned to
service. ORUs that return from orbit, due to a failure, arc returned to Boeing for
determination of the cause of the failure.
4.2 ON-ORBIT METROLOGY
The current goal is to not conduct calibrations on-orbit except in cases where the
trade-off of equipment and crewtime to calibrate versus equipment and crewfime to replace
proves beneficial. The combination of the FDI and periodic subsystem and system
performance assessments provide confidence that the Space Station equipment is operating
within acceptable fimits. The FDI subsystem and system performance assessments are
successfully demonstrated to meet the design requirements during the development and
qualification phases. On-Orbit metrology and performance verifications are considered
maintenance activities and are contained in TOMRS.
NHB 5330.9 (IA) paragraphs 3.4.1 and 3.4.2 provide a good su_ of on-orbit
calibration requirements and measurement statistical process control for on--orbit hardware
and are summarized here. This section is applicable to all flight sensors, transducers, and
instrumentation. Ground based hardware and software to support on-orbit operation is also
covered by this section. The ground based metrology section covers Flight Support
Equipment (FSE) and ground based metrology equipmcnL
The objective of calibration is to control the uncertainty growth of the measurement
processes. Measurement processes are performed to monitor and control the growth of space
system hardware performance paran_tcrs to within established limits. Performing these
functions to support the process with reduced need for human intervention during on-orbit
missions is going to be especially difficulL Calibration requirements created by long term
orbiting missions pose special problems.
The design of ORUs and subsystems that require periodic calibration or evaluation
should consider providing functional and physical metrology architecture designed to
accommodate techniques and methodologies that will permit calibration and/or evaluation.
The architecture should utilize self--calibration, serf-test, self-monitoring, and stable
reference standards technologies to reduce and facilitate on--orbit metrology control.
A requirement for long calibration intervals means that high MTBOOT design targets
will result. These will be difficult to meet unless the designs are very simple, and reduce the
number of components used. For those measurement systems whose calibration intervals are
estimated to be shorter than the mission duration requirement, special in-place calibration or
interval extension schemes should be attempted. One or more of the following are suggested
for consideration:
A. Using earth--.to-spa_ comparison signals.
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B* Replacing unstable measurement system components with easily installed, small,
modular, freshly calibrated units.
Co
D.
E°
Designing in compensating measurement circuitry to improve reliability/MTBOOT.
Using alternative or multiple measurement sensors with comparison devices and sta-
tistical process control schemes to improve uncertainty.
Using built-in measurement standard references at selected points in the operating
range.
F.
G,
Ho
I.
Using carefully characterized astronomical artifacts as intrinsic type measurement
references such as thermal, radiation, intensity, and noise references.
J*
Using higher accuracy (>10:1) measurement processes to compensate for increasing
uncertainty over time such that the calibration interval matches the time where uncer-
tainty growth has reached a point equal to a 10:1 process before re-calibration is due.
'I]ghtening end item hardware tolerance requirements to create more conforming
hardware that can tolerate the lowered confidence levels generated by the increasing
uncertainty over time of the measurement process.
Mea._. _ g end items more frequently to assure higher confidence that parameter
growm 13eyond performance limits is detected earlier and that a higher population of
end items are operating well within tolerances when deployed.
Employing measurement statistical process control.
All of these and any other schemes that can be devised should be considered to
implement on-orbit calibration support, remembering that all measurement systems require
complete calibration at some point to assure adequate continued performance.
So called self--calibration or self-test systems are useful, though they are rarely
substitutes for complete periodic calibrations. They serve mainly as interval expanders or
limited range stop-gap devices. Statistical Process Control (SPC) is a tool to analyze results
,_.d permit better decisions to be made. Ultimately, to ensure that any standard_slnnnent is
in calibration" requires comparison to a known representation of the same unit.
Measuren_nt assurance support is customarily viewed as a process in which the
accuracy of a measm'ing in,re'inherit or system is maintained over its life cycle through either
periodic calibration or testing. For items that are _motely operated and monitored, such as
those deployed in on-orbit environments, periodic calibration or testing is considerably more
difficult than with terrestrial applications. In certain applications, such as deep space probes,
periodic calibration is next to impossible. In such cases, the use of SPC methods may be
advisable.
V+
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SIC methods enable theestimationof measurement parameter biasesand
in-toleranceprobabilitiesthrough statisticalintercomparisonsof measurements made using
closed setsof independent measuring am'ibutes.The number of attributesina setmay be
few or many. The setmay includeboth calibratingunitsand unitsunder testineither
one-to-many or many-to-one configurations.
In traditional calibration and testing, the calibrators are ordinarily required to be
intrinsically more accurate than the units under test. Accordingly, measurements made by
calibratorsare heldin higherregardthan measurements made by unitsunder test.Ifa
calibratormeasurement shows a unitunder testto be out--of---tolerance,th unitunder testis
considered atfault.In making statisticalintercomparisons,on theotherhand, theSPC
methods do notdistinguishbetween calibratorsand unitsunder test.Measurement
intercomparisonsprovide biasand in-toleranceprobabilityestimatesfor unitsunder testand
calibratorsalike.Consequently,the SIC methods can be employed toevaluatethe statusof
check standardsas wellas M&TE workload items.
Check standardand M&TE recalibrationsmay be performed on an attributeset
without recourse to external references, ff SIC methods are applied under the following
conditions:
(I)
(2)
(3)
(4)
Iftheseconditionsaremet, applicationof the SPC methods can servetomake
payload measuring systems somewhat self--contained.
The measuring attributesinthe setare statisticallyindependent.
The attributesinthe setexhibitsufficientvarietytoensure thatchanges inat-
tributevaluesare uncorrelated(i.e.,tend tocancelout)over thelong--term.
Drift or other uncena/nty growth characteristics of the attributes in the set that
have been defined prior to deployment.
The attributes in the set have been calibrated or tested prior to deployment.
4.2.1 Metrology Standards
The current design philosophy is to not do calibrations on-orbit except in cases
where the trade off of equipment and crew time to calibrate, versus equipment and crewtime
to replace, proves beneficial, therefore, generally eliminating the need for external meu'ology
standards and the resulting impact on the logistic system. There are some components of the
(ECI_S) that require the use of consumable fluids for a pre-operational check. These fluids
are of a known composition, concentration, and quantity and are brought up to the Space
Station on each resupply flight. The need for other men'ology standards depends on future
design configurations, and the results of trade--offs to be performed under the metrology task.
(See Appendix B-Metrology th'ocess)
4.2.1.1 Traceability To NIST
Any standards used on-orbit, including the ECLSS fluid standards, are traceable to
the NIST recognized standards.
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42.12 Class Of Standards
If standards are used on-orbit they are of the NASA Working Standard class as
defined in NMI 5330.9A, paragraph 3.h.(4).
42.2 Environmental Controls
On-orbit melrology/perfonnance verifications are conducted in the ambient
temperature, pressure, humidity, and cleanliness of the Space Station. If the station were to
be operating in a degraded performance mode, then each calibration that was needed would
be examined for validity under those conditions. If the conclusions is that the calibration
would be invalid, then the unit would be replaced.
4.23 Calibration Intervals
On--orbit metrology intervals are expressed in days, months, or years. Some of the
orbital equipment requires metrology/pefformance verification on a more frequent basis,
between resupply flights, but these systems are designed to be self verifying or require the
addition of a consumable standard fluid.
4.2.3.1 Initial
The initial calibration interval is based on the manufacturers sen._r data, historical
data for similar instruments, data developed during testing, and analyses which take into
consideration the in-system application requirements for accuracy and confidence leveL
(See Appendix B-Metmlogy Process).
4.2.32 Interval Adjustments
Adjustments to the metrology interval are made based on the calibration history of
the on--orbit sensors and any continued testing being conducted on the ground.
4.23.3 Extensions
Extensions to the metrology interval arc made, by the SSCC or ESC, based on the
manufacturer's proven recommendation, sensor calibration history, and performance history.
42.4 Recall
The mandatory recall of ORUs, containing sensors to be recalibrated, On or before the
interval expiration date, is part of the logistic system. The replacement ORU is manifested
for delivery to the Space Station on or before the scheduled replacement date. The replaced
ORU is manifested for reun'n subsequent to replacement and is scheduled for a metrology
check, on the ground, prior to being refurbished or replaced.
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4.2.5 Metrology Procedures
The on--.orbitmetrology/pefformance verificationprocedures conducted,internalto
the equipment or by the DMS, have been verified during the development and/or the
qualification phases. The procedures for metrology/performance verification are referenced
in TOMRS, for equipment requiring meu'ology/performance verification activity on-orbit.
4.2.6 Storage, Handling, And Transportation
The storage, handling, and transportation of equipment on---orbit,is in accordance
with the manufacturer's recommendations, and good practices. Equipment that is stored
on-orbit that is intended to be used as a replacement for in-use equipment, is protected from
conditions that would adversely affect the metrology of the equipment. The equipment is
handled in a manner that neither damages the equipment nor adversely affects the
calibration. The equipment is protected from damage while being transported from on--orbit
storage to the intended installation location. The ability to protect calibrated items
(including calibration standards) during transportation (launch loads) will be limited by the
equipment design. This could preclude the use of many existing calibration standards
regardless of how they are packaged, and require that special standards be developed.
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B. 1 Measurements Requirements
The assurance of long term integrity of the WP01 Space StationFreedom systems is the
underlying purpose of the metrology effort. This is to be accomplished by developing methods
to determine when sensors are out of tolerance, predetermined responses when this occurs, and
predictions of how often it should occur.
Sensor calibrations can be expected to drift. This drift can be characterized as an uncer-
tainty associated with the measured value which grows with time. If undetected and uncor-
rected, it results in degraded system performance in the case of a control application, or in de-
graded data quality in the case of a scientific measurement. In either case a penalty is
experienced in the form of wasted resources, shorter component life, inconclusive data, or any
number of other factors which were considerations in setting the system operational tolerance
parameters. A system which operates outside of its specified range is costing something ff the
right requirements were set at the sum.
Knowing that a sensor is operating within tolerance is a matter of degree. There is some
uncertainty that a sensor that has recently been calibrated, and is being eross-checked by several
other sensors of dissimilar construction, is in fact in-tolerance. In this case, the uncertainty is
small. A sensor that has recently been calibrated and which is being cross-checked by an identi-
c.ally constructed unit has a greater uncertainty in its measurement due to the numbers of sensors
involved, and the fact that identical units may tend to drift alike in response to the same envi-
ronment. A sensor which is not being cross-checked with other sensors would have an even
greater associated uncertainty. If the factor of extended time since calibration is added to these
scenarios, an increased uncertainty will be added to each.
Figu_ B-I shows the options for reducing the uncertainty if calibration using a recog-
nized standard is not possible. The center column starts with a self calibrating sensor. This ap-
proach results in the smallest uncertainty. Next in the column is the use of many dissimilar sen-
sors to verify the performance of the prime unit. This is a low risk approach also, but not as
good as self calibrating, because the individual units will each drift with time and eventually de-
fiver a scattering of answers. Next in the column is the redundant identical sensor approach.
This is much better than having no verification, but allows for a greater uncertainty than many
dissimilar units. Finally, the case of having no verification of a sensor performance is encoun-
tered. In this instance, the system level Fault Detection and Isolation procedure will find the
faulty sensor when the performance becomes so bad that the system performance tolerance limit
is reached if the sensor is used in a control function. This allows the system to operate for some
extended period of time near the limit of degraded performance. An alternative to achieving the
uncertainty levels of the verified sensor cases would be the periodic change out of sensors.
Longer periods of service would result in greater uncertainties. This forces the system to operate
for some extended period in a degraded performance mode. The penalty here is the spares pro-
visioning and extra crew time needed to perform the replacements. A third option, and one that
offers great promise where applicable, is the employment of an analytical technique known as
Process Fault Diagnosis. This technique uses knowledge of the system nominal operating condi-
tions to identify parameter changes and associates the changes with sensor errors. This approach
requires additional diagnostic computations, but does not generally depend on redundant sen-
sors.
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Decreasingtheuncertaintyoftenhasan associated cost of adding more sensors, more
data processing, more spares/crew time, or developing a more complex self-calibrating unit.
Having determined that a sensor is out--of--tolerance, the questions remain of how should
we respond, and how often should this occur? The possible responses include recalibration/ad-
justment of the unit or associated coefficients, replacement of the unit, or discontinuing the use
of data from the unit.
The following sections will discuss the sequence of defining the measurements require-
merits, relate this sequence to the current WP01 Space Station Freedom Program sequence, and
define the method to be followed in implementing these principles.
B.I.1 Definition Stages
Every design must begin with requirements. The NASA Metrology, Calibration, and
Measurement Process Guidelines, (NHB 5330.9 (1A)), working copy dated January 7, 1992,
contains a ten stage sequence that describes the actions that should be taken to develop require-
ments for measuring systems. These reqments are to ensure the development of measure-
ment systems that provide the necessary confidence levels for decisions that are to be made, or
data that are to be collected.
This sequence is summarized as follows:
Stage 1 - Mission Profile: Def'me the objectives of the mission and what confidence lev-
els are required from the measurements.
Stage 2 - Measuren_nt System Performance Profile: Define the required mission mea-
surement capability.
Stage 3 - Meas_nt System Performance Attributes: Define the required system
measurement capability.
Stage 4 - Measurement Component Perfommnce Attributes: Define the required compo-
nent measurement capability.
Stage 5 - Measurement Parameters: Define measurable characteristics that accomplish
the component measurement c_pabifity.
Stage 6 - Measurement Process Requirements: Define the parameter values, reliability
values, and measurement confidence levels.
Stage 7 - Measurement System Design: Design measurement techniques.
Stage 8 - Calibration Process Requirements: Define the calibration parameters and inter-
vals.
Stage 9 - Calibration System Design: Design the calibration system.
Stage 10 - Define the traceability from the unit under test to the Standards Laboratory.
B.I_ WPOI Application
This sequence of stages is the ideal process to follow given sufficient time, resources,
and a stable set of system top level requirements. In the case of the redefined and restructured
Space Station Freedom baseline, this sequence has not been rigorously followed. The sequence
has generally been followed in Stages 1 through 5, but Stage 6 was only partially completed be-
fore Stage 7 was implemented. Stages 8 through 10 are yet to be implemented.
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Figure B-2, Stages of Measurement Requirements Definition, illustrates the implementa-
tion so far. Stages 1 through 5 were generally implemented in the Hardware and Software Spec-
ifications.
Some of the requirements in Stage 6 were also implemented in the Hardware and Soft-
ware specifications and the preliminary Hardware and Software designs. Others, chiefly param-
eter confidence levels and time between measurements limit, have been ignored.
Stage 7 was partially implemented in the Hardware and Software preliminary designs.
The portion of Stage 7 that pertains to measurement techniques and processes to assure data in-
tegrity is incomplete. This involves defining the need to verify sensor performance, and the
method to accomplish the verification.
The Calibration Process, Calibration System Design, and Measurement Traceability
Stages 8, 9, and 10 can proceed only after the units to be calibrated on orbit have been identified.
These are the conditions as they exist. What is needed now is an interpretation of this
partially implemented sequence into a method for accomplishing the required long-term integri-
ty. The ._ections that follow address this method.
B.2 Metmlogy Method
A method to accomplish the goals of the measurements requirements definition sequence
of s_ges has been developed to use the existing design data and measurements approaches as a
stamng point, and to conclude with the required long--term system integrity.
The method can be defined by the following steps:
A. Define Sensor/Application criticality.
B°
C.
Def'me Out--of-tolerance (OOT) detection and isolation process and procedure.
Determine if unit c_on (calibration/replacement) is to be scheduled or
conditional.
D° Determine if the out-of-4olerance unit is to be calibrated or replaced. (Perform a
trade study.)
E. Define system application tolerance requirements.
E Survey sensors and dcfine capabilities.
G. Define expected in-mle_mce period for sensors in applications.
H. Define the sensor ORU/OMI expected reliability. (MTBF)
I. Def'me correction (calibrate/replacement).
J. Calibration system definition and design.
K. Measurement Traceability requL,ements.
These steps will be examined in detail following a brief review of the requirements and policy
that underlay the process.
.,,....d
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B.2.1 RequirementsandPolicy
The SpaceStationFreedom Program Level HI System Requirements Document (SS-
SRD-O001E, Sec. 3, June 23, 1992) has a number of requirements which impact the metrology
process.
These requirements have been interpreted and defined in more detail as a working docu-
ment in the Boeing Fault Detection and Isolation and Built-In-Test Approach/Policy. This
Policy has been used as a point of departure for the metrology process requirements definition.
B.2.1.1 SRD Requirements
Some selected requirements which have been used to guide the development of the
policy are listed, and their original paragraph numbering has been retained to facilitate traceabil-
ity.
FLIGHT SYSTEM FAULT DETECTION AND ISOLATION (3.1.9.2.1)
All WP01 flight systems including those supporting Category 3 functions, shall
make operational and fault detection and isolation (FDI) data available to the SSFP data man-
agement function for transmission to the ground. (3.1.9.2.1.1)
WP01 systems which support category 1, 1C, 2, and 2S functions shall meet the
following FDI requirements on-board: (3.1.9.2.1.2)
Failure of a redundant string shall be automatically detected. (3.1.9.2.1.2.1)
Failure data shall be automatically provided to the SSFP data management function
for notification to the crew, when applicable, and ground. (3.1.9.2.1.2.2)
Failures shall be isolated to the level necessary for reconfiguration. (3.1.9.2.1.2.3)
Systems shall interrogate ORU operational parameters and/or BIT circuits on a
scheduled basis and on demand. (3.1.9.2.1.2.4)
System and ORU designs shall provide the capability (via status data, test points,
or other means) for monitoring, checkout, fault detection, and isolation to the on-orbit repairable
level without requiring removal of ORUs. (3.1.9.2.1.4)
Automated FDI shall not be required for rite following types of crew interface
equipment; visual displays, keyboards, fights, and speakers. (3.1.9.2.1.5)
Gronnd-based diagnostic software and human analysis (ground F'DI) shall pro-
vide the processing capability to detect any functional failures not detected on board.
(3.1.9.2.2.1)
Ground FDI shall provide the processing capability to isolate faults affecting cate-
gory 1, 1C, 2, and 2S functions to a single ORU. (3.1.9.2.2.2)
FUNCTION CATEGORIZATION (3.1.10.1.1.6)
Table B--1 specifies SSMB function categorization and failure tolerance requirements..
Systems/equipment that support Category 1, 1C, and 2S functions shall be de-
signed such that no single data insmnnentation failure causes loss of a functionary redundant
path. (3.1.10.2.2.3)
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Systems/equipment that support Category 1, 1C, and 2S functions shall be de-
signed such that no single control instrumentation failure causes loss of more than one function-
ally redundant path. (3.1.10.2.2.4)
B.2.1.2 FDI and BIT Policy
The germane metrology requirements have been extracted and are listed here for quick
reference. Again, the original paragraph numbering has been preserved for ease of traceability.
FAULT DETECTION ISOLATION (3.2.4.3)
Definitions (3.2.4.3.1)
Built-In-Test (BIT) - An integral capability of the mission equipment which provides an on-
board automated test capability to detect, diagnose, and/or isolate failures.
Detection - Discovery of the existence of a fault.
Diagnostic Software - Application software that performs analysis of operational parameters,
status information, and fault detection/isolation information to ensure the equipment is function-
ing within it's specified functional performance limits.
Fault - A fault is a degradation to a condition outside of specified functional performance lim-
its.
Fault Isolation Test (FIT) - A test that isolates a detected fault to the ORU.
Isolation - The process of identifying and locating a fault to a single ORU.
ORU Stares. Indication of whether the ORU is fully operational, partially operational, or inop-
erative.
ORU With Embedded Proce_._in_ C__nabilitif._ (3.2.4.3.3)
CATEGORY 1.2. and 2S ORU_ (3.2.4.3.3.1) (ORUs supporting category
1,2,2s functions)
Built-In-Test (BIT) functions shall detect at least 96 percent of the ORU's faults.
Passive mode BIT shall be capable of detecting at least 90 percent of the ORU's faults. Active
mode BIT shall augment passive BIT as required to ensure that BIT is capable of detecting at
least 96 percent of the ORU's faults. (a)
Self-test provisions shall be incorporated into the ORU as a means of insuring
unambiguous BIT readouts. (b)
The ORU shall store all fault detection and isolation information used ht failure
diagnostics until such information is transmitted to the diagnostic software. (i)
The BIT shall report the ORUs status to the diagnostic software. (p)
Category 30RUs (3.2.4.3.3.2) (ORUs supporting category 3 Functions only)
Self-test provisions shall be incorporated into the ORU as a means of insuring
unambiguous BIT readouts. (a)
Built-In-Test (BIT) functions shall detect at least 96 percent of the ORUs faults.
(e)
The BIT shall _port the ORU's status to the diagnostic software. (g)
ORU Without Embedded Processine Canabilitie_ (3.2.4.3.4)
Sensors or other devices shall be provided which monitor and report ORU opera-
tional parameters to the diagnostic software. (a)
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Sensors or other devices shall provide the capability to detect at least 96 percent
of the ORU's faults. (b)
Sensor or other device faults shall be detectable. (c)
Flight Level Diat, nostic Software Reouirements (3.2.4.3.5)
Cateforv 1 2. and 2S Reo_uirfmeots (3.2.4.3.5.1)
The diagnostic software shall receive fault detection information or operational
parameters from the ORUs. (a)
The diagnostic software in conjunction with BIT shall detect 100 percent of ORU
faults. (b)
Fault detection and isolation information shall be time tagged and slxned until
such information is downlinked. (h)
During normal operations the diagnostic software shall interrogate the BIT of em-
bedded processor based ORUs or interrogate the operational parameters of non-embedded pro-
cessor ORUs every sixty (60) seconds. (j)
Category 3 R_uirements (3.2.4.3.5.2)
The diagnostic software shall receive fault detection information or operational
parameters from the ORUs. (a)
Fault detection information shall be time tagged and stored until such information
is downlinked. (b)
Ground Level Dia_ostic Software Reouiremem_ (3.2.4.3.6)
The ground shall receive ORU status and diagnostic software information. (a)
For category 3 functions, crew interface, and diagnostic software in conjunction
with downlink of ORU status and flight diagnostic software data shall detect 100 percent of
ORU faults. (b)
For all Category I, 2, and 2S functions, the diagnostic software in conjunction
with downlink of ORU stares and flight diagnostic software data shall isolate 90 percent of faults
to a single ORU. For all functions, manual methods shall augment diagnostic software to isolate
100 percent of faults to a single ORU. (c)
B.2.1.3 Rationale and Conclusion
A look at the ground level diagnostic software paragraphs (3.2.4.3.6 b,c) will reveal that
100 percent of ORU faults must be detected. A fault is described in the definitions as operation
outside of functional perfommnce limits. A tree to son out the point at which out-of-tolerance
Fault Detection is performed for each type of ORU (Embedded Processor or not), and each cate-
gory of ORU, is developed in Section B.2.2.2, Out-Of-Tolerance Procedure. This tree is based
on the policy items shown in Section B.2.1.2, H)I and BIT Policy.
B.2.2 Steps of Method
These steps have been ordered as shown to drive out as early as possible any new re-
quirements for additional sensors, system reconfiguration, analysis capability, or calibration
equipment. It is also desirable to learn about impact to spares provisioning and crew time as the
measurement specifics can be developed. These relationships are illustrated in Figure B-3, Me-
tmlogy Method Steps. These steps will be discussed in detail in the following sections.
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B.2.2.1 ORU Functional Category (Step 1)
The correct classification of the mission criticality of a sensor which is an ORU/OMI, or
is embedded in an ORU/OMI, is pivotal because it influences a number of subsequent steps and
choices or decisions in the metrology method. The sensor category can be determined for the
stance specific application of each ORU by looking in the hardware B 1 Specification. Also,
• most critical sensors should receive the fu'st priority in being processed through the metrolo-
gy method.
B.2.2.2 Out-Of-Tolerance Procedure (Step 2)
A decision matrix to determine if each ORU that has embedded sensors satisfied the
policy requirements has been developed based on discussions contained in Section B.2.1, Re-
uirements and Policy. This method is presented in Figure B-4, Sensor Tolerance Maintenance
Decision Matrix. The flowchart is entered at the top where the word "start" appears. The first
decision (1) involves excluding discrete sensors, those that do not provide proportional outputs
(digital or analog) from the group that requires calibration. If they were not calibrated originally,
then they will not require it on orbit.
• The next.decision (2) determines ff the ORU has an embedded processor, because the re-
qun'ements are different depending on the answer. Decisions (3) finds out if BIT will detect an
out-of-tolerance faulL If not, decision (4) places the ORU by Category as defined in Table B-l,
Section B.2.1.1. Categories 1, 2, and 2S are tested for detectability in decision (5). Category 3
is tested for detectability in decision (6). ORUs without embedded processo_ ate separated ac-
cording to category at decision (7). Categories 1, 2, and 2S are tested for detectability at deci-
sion (8) and Category 3 is tested for detectability at decision (9). There are two types of results.
The ORU is determined to meet requirements and reaches a decision end entitled "Design OK"
or the ORU is determined to not meet req_nts and reaches a decision end entitled "Manda-
tory "Design Change". Each ORU containing sensors will be subjected to this decision malrix,
and the decision box reached, labeled with a number and a letter, will be recorded. For those
with "Design OK" conclusions, a rationale sheet will be prepared describing how the fault is de-
tected. This may involve cross checking between sensors, operating at a set point to check pa-
rameter values, or Process Faultdiagnosis based on process model knowledge. The require-
ments allow any and all of these approaches to out-of-tolerance fault detection. For those with
a "Mandatory Design Change" conclusion, a design change will be implemented to correct the
problem, and then the decision matrix will be entered again to define compliance. The purpose
of this matrix is to ensure that in each mstance the designers have recognized the requirement to
detect a fault, and that an ont-of-tolerance sensor comprises a fault. Once this recognition has
occurred and the fault has been identified, the detection and isolation process can be treated as
any other fault by the designers, the reliability analysts, the maintainability analysts, the opera-
lions analysts, the logisticians, and any other impacted functional groups.
B.2.2.3 Scheduled or Conditional (Step 3)
The Preventative Maintenance analysis methodology contained in the WP01 Maintain-
ability Allocation, Predictions And Analyses Report, Issue D, (D683-10483--1) Section 2.6 has
been employed to determine those ORUs which should be replaced on a schedule rather than
waiting for a failure to occur (conditionai). The results of the preliminary analysis are contained
in that document's Appendix G, Preventative Maintenance Assessment.
-.,./
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B.2.2.4 Calibrate or Replace (Step 4)
The decision to calibrate or replace an ORU when a sensor goes Out-of-tolerance (expe-
riences a fault) will be based on a trade off. This trade off must examine the impacts of making
the correction each way. For an ORU that is calibrated, the impacts include calibration equip-
ment_ crew training and crew time to perform. For an ORU that is replaced, the impacts include
spares crew training and crew time. This trade off should include members from all impacted
disciplines and will include as a minimum: Engineering, Logistics, Reliability, Maintainability,
and Operations. The trade off rationale, analysis, and conclusions will be documented in the ap-
pendix of this plan.
B.2.2.5 System Application Tolerance Requirements (Step 5)
A key piece of information that is necessary to performing an assessment of the sensor
expected period of operation within tolerance is the system application tolerance requirement.
Sensors may be purchased and accepted with a tolerance which is much tighter than that which
is required by the system in which it is used. Sometimes this is done to allow the sensor to drift
for a long time before it reaches an out--of-tolerance condition for the system. The system appli-
cation tolerance requirements must be established for each instance where a sensor is used.
B.2.2.6 Sensor Capabilities (Step 6)
The basic characteristics of a sensor must be established to facilitate the analyses to de-
termine the expected in-tolerance period and to predict whether the sensor should be expected to
stay in tolerance to the point where the ORU is replaced due to another failure mode occurring.
The prime sensor data required are parameter range (0--10 volts), parameter uncertainty
limits (+/-0.1 volt), parameter confidence level (20). The additional required sensor characteris-
tics of mean-fime-betwoen-out-of-tolerance (MTBOOT) and _-between-fallures
(MTBF) will be addressed in Sections B.2.2.7 and B.2.2.8 respectively. Other useful sensor
characteristics such as input power, output, weight, size, and operating environment capabifity
will be collected along with the prime pamx_ters.
During sensor selection, a number of characteristics are considered which are not neces-
sary for the meuology process. A list of typical sensor characteristics are shown in Table B-2,
sensor selection criteria.
B.2.2.7 Sensor Drift Interval (Step 7)
To determine the sensor drift interval in the application we must first establish the allow-
able sensor tolerance limits. This application or allowable sensor tolerance is determined by
well-estabfished techniques that are covered extensively in the Melrology, Calibration, and Mea-
smen_nt Process Guidelines (NHB 5330.9 (1A)). The technique is summarized here and then
the calculation for drift interval (t) is developed.
B.2.2.7.1 Allowable Sensor Tolerance
To determine the allowable application tolerance for the sensor, an error budget must be
established through an uncertainty analysis. To accomplish this, the first step is toStudy the mea-
smcn_nt system and data algorithm to determine the error sources which must be considered. When
the list is complete, an uncertainty estimate must be assigned to each error source except for the sen-
sor which will be calculated as the end result of this procedure. Each error source will then be classi-
fied as being a bias type (drift) or a precision type (MDM digitizing increment). The total bias errors
(Bt) can be combined using the RSS method:
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TABLE B-2 SENSOR SELECTION CRITERIA
• RANGE
• UNCERTAINTY LIMITS
. WEIGHT
• VOLUME
• O_ FORM
• TESTABILITY
* POWER IN
• CALIBRATION EQUIPMENT
• STABILITY/HISTORICAL DATA
(MTBOOT)
• RELIABILITY (MT18F)
• COOLING/OTHER RESOURCES
• NONINTRUSIVE
• MAB_AINABn.rrY (MYrR) • ADJUSTABLE
• RESPONSE TIME
• AVAILABILrI_
• LINEARITY *COST
• ENVIRONMENTAIJAC_ON
• COMMONALrT'Y/DIVERSITY
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In this equation, bl, will +epresent the allowable sensor bias (drift) error. The total precision
errors (ST) can be combined likewise:
ST--'_ s n2
The total bias and precision errors (URss) may be combined using the RSS method:
Ups $ -- _ (B T)2+ (2ST)2
".,J
Sensor other
System Allowable bias Precisiom
Reqwnmment Tolemlce errors enm_
[ [ [ nl
If we combine the known error sources in the following fashion, they can be reduced to con-
stants to simplify the remaining procedure.
Then
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= b2+ ""+ b 2 (]3
c1 2 n l
C = S2+ S2+ -" + S2
2 l 2 n
is not included)
URSs = _ (]b2+ cl)2+ (2_ c )22
Solving for bb
URSS2= (_b12+ cl)2+ (2 _ c )22
URS_= b2+ C + 4C21 1
b2= URSS2- Cl -4c2
b
This yields the allowable sensor error tolerance in the system application.
B.2.2.7.2 Drift Model Selection
A number of models are discussed in NHB 5330.0(1A) but only one of them, the exponential
model, is developed and expanded through the case studies. The exponential model may be appro-
priate in some cases, and inappropriate in others. Our approach will be to characterize the mecha-
nisms responsible for sev.s_ drift for each type of sensor, and accumulate any historical data avail-
able before selecting a drift model in each case.
B.2.2.7.2.1 Exponential Model
The exponential model is an appropriate model of lime to effect for failure mechanisms result-
ing from Poisson (random) processes. One of the key features of the exponential model is that it
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has no memory; i.e.,thefuroreperformance ofan item isnotdependent upon itspastperformance.
This type of model isnot consideredappropriatefor mechanisms such as accumulated damage or
wear in which futureperformance isdependent upon component history.
A. Finding MTBOOT
MTBOOT can be determined in a number of ways thatincludeusing historicalcalibra-
tiondata,acceleratedlifetestingresults,component analysismixed with engineeringjudgement,
and manufacturers specifications.The most commonly understood method isto use historical
calibrationdata. This approach employs the reliabilityequation,where sensoruncertaintywith
time has been characterizedby an exponentialmodel,
Rmp = Rbope
MTBO(Yr
Where Reop = Reliability (percent in tolerance) at the end of period
Rbop = Reliabifity (percent in tolerance) at the beginning of period
t = Usage time on theunit(sensor)
MTBOOT = Mean-timc--between--out-.of--tolerance
Given the usage time (t), the reliability at the beginning of the period (Rbop), and the reliability
at the end of the period 0Reop), the MTBOOT is determined.
Solving for MTBOOT yields
MTBOOT =
t
If historical data are not available, then special testing may be necessary m arrive at an
MTBOOT with a high confidenoe level. This may be necessary for items of the greatest critical-
ity. Othea-s may be defined satisfactorily using component modeling mixed with engineering
judgement, or manufacturers specifications. When a manufactm_ quotes an MTBOOT, the
question must be asked, "How does the supplier know.'?" The answer will determine the confi-
dence in the manufacturers data.
B. Sensor drift model
To model sensor drift, we use the reliability equation,
Reo p -- R tope
t
MTBOOT
We are generally supplied with a sensor of known characteristics at the beginning of the
period. The problem is to predict at what point in the future will the drift reach a point where
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the sensor measurement reliability has become unacceptable for the defined application system
tolerance.
The situation is illustrated in Figure B-5, Sensor Measurement Uncertainty Growth. Re-
liability is defined as the area (percent) under the normal curve that is between the tolerance lim-
its. In this illustration the tolerance limits would be the acceptance limits on a new sensor. The
reliability at usage time t would be for the original sensor limits. The desire is to know the reli-
ability using the system application limits, or conversely, to find the usage time at which the sys-
tem application limits would be reached. This can be achieved as follows;
Given Rbop = Original Sensor reliability (100%)
Vl = Sensor tolerance limits (acceptance value)
V2 = Allowable sensor tolerance limits (in system application)
RD = Desired system measurement reliability (assumed)
MTBOOT = Mean-tin_-between-out-of-tolerance for original sensor limits
(vl)
The desired system reliability (RD) is illustrated in Figure B-6.
Probability tables based on the normal distribution list area under the curve from - -_ to
Z. Figure B-7 illustrates this relationship.
The probability associated with the area between +Z and -Z, corresponds to the allow-
able sensor application tolerance limits. Figure B-8, Allowable Sensor Application Tolerance
Limits, shows the relationships.
.";tlk 
FIGURE B--5 SENSOR MEASUREMENT UNCERTAINTY GROWTH
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FIGURE B-6 DESIREDSYSTEMRELIABILITY
A = Area percentage
curve
-oo z
FIGURE B-7 PROBABILITY TABLE PARAMETERS
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Probability (P)
-Z +Z
FIGUREB--8 SYSTEMAPPLICATIONTOLERANCELIMITS
Given thedesiredprobability (RD) we can use the expression
A = R° +0.5
2 2
to determine the area in the tables corresponding to this probability. This area (A2) can
be used to look up the Z2 value, where Z is the abscissa value that results in a probability of RD.
Then we can relate the tolerance limits to the Z valves by
We were given VI and V2. We deduced Z2 from RD by using the tables, so we can solve
for Z1.
Z ffi VtZ2
1 V2
This is used in the tables to find the area A1 which corresponds to the reliability mea-
sured against the acceptance limit V1 at the end of the period Reop:
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R = 2(AI - 0.5)
Rearranging the reliability equation we have,
R__.p
t__ - OOT In(R )
We substitute the known values to fmd t, the usage time at which the sensor drift error
should reach the system tolerance limit.(Sensor Drift Interval)
This procedure will be installed in a computer code to make it easy to apply and to en-
sure uniform results.
B.2.2.7.2.2 Other Models
Other reliability models are available to describe time-dependent failure mechanisms. How-
ever, on the SSF project, wearont mechanisms are chexacterized by a "life" parameter. There are
a number of reasons for this approach, themost important of which is that data of sufficient fidelity
toproperly characterize more sophisticated reliability models (e.g., 3---parameter Weibull) are sim-
ply not widely available. A single parameter model, component life, is more defensible, technically,
than a more complicated, multi--parameter model, especially when the parameter(s) must be based
on engineering judgement.
B.2.2.8 ORU/OMI Reliability (MTBF) (Step 8)
The reliability, or mean-time-between-failures (MTBF) of the ORU/OMI that contains
the sensor is required for the next step in this procedure. It is typically determined by the Reli-
ability group. In addition, the ORU/OMI is sometimes specified to have MTBF and life limit
targets.
B.2.2.9 Correction (Calibrate/_lacement) Interval (Step 9)
The expected or planned correction interval, depending on the choice of scheduled or
conditional correction, will be determined by the Reliability group from consideration of the
ORU/OMI MTBF and the drift intervals of its contained sensors.
B.2.2.10 Calibration System Design (Step 10)
If the choice in Section B.2.2.4 was to calibrate, and the procedure described in Section
B.2.2.6 has been used to determine the calibration requirements, then design of the calibration
system may begin. Factors to consider in design of a calibration system are listed in Table B-3,
Calibration System Design Criteria.
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TABLE B-3 CALIBRATION SYSTEM DESIGN CRITERIA
• PARAMETER RANGE
• SIZE
• WEIGHT
• STABILITY
• ACCIa_CY
• TRAINING REQUIREMENT
• FREQUENCY OF CALIBRATIONS
• TIME TO CALIBRATE
*POWER
• TRACEABILITY
• ENVIRONMENTAL EFFECFS
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B.2.2.11 Measurement Traceability Requirement (Step I1)
Traceability is a hierarchical process. Calibrations must be traceable to NIST (formerly
the National Bureau of Standards) to be considered valid. Maintenance of this chain from the
Unit Under Test (UU'I3 all the way up to the national Standards Laboratory is the defining char-
acteristic of traceability. The quality of the decision based on the measurement is dependent on
the quality of the traceability path. The result of this step is a traceability diagram for the cali-
bration equipment.
B.2.3 Method Diagram
A method diagram, Figure B-9, has been prepared to relate the interdependence of the
steps of the metrology process. The dashed line indicates the items that are CDR necessary. The
first four steps of the process will reveal deficiencies in the design that require resolution before
CDR. They are: (1) the need for additional sensors to be able to determine when a prime sensor
is out of tolerance, (2) a required system reconfignration to make that determination, (3) addi-
tionai analytical .capabifiW..req.uiremen.ts to accomplish the determination, or (4) the require-
merit to nave on--ooam caaorauon equtpment. l_e remaining steps (5-11) are required to define
the spares provisioning, crew training requirements, crew time requirements, storage require-
merits, and resupply/return requirements. This effort will validate the design at CDR and pro-
vide the rest of the required data after CDR.
Figure B-10 shows the inputs and outputs for the steps of the meu'ology method.
V
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CDR NECESSARY
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FIGURE B--9 METHOD DIAGRAM
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